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Abstract  
The synthesis of nitrogen-doped multi-walled carbon nanotubes (N-MWCNTs) 
and nitrogen-phosphorus-doped multi-walled carbon nanotubes (N-P-MWCNTs) 
was performed by means of chemical vapor deposition technique (CVD). 
The synthesized films were grown on silicon/silicon oxide wafer with 
decomposition of either acetonitrile (ACN) for N-MWCNTs or both acetonitrile 
(ACN) and triphenylphosphine (TPP) for N-P-MWCNTs in the presence of 
ferrocene (FeCp2) as catalyst. The morphology of films was studied by means of 
scanning electron microscopy (SEM) in combination with energy dispersive X-
ray spectroscopy (EDX), and transmission electron microscopy (TEM), as well as 
by Raman spectroscopy. 
Cyclic Voltammetry (CV) and electrochemical impedance spectroscopy (EIS) 
techniques were applied for the electrochemical characterization of synthesized N-
MWCNTs and N-P-MWCNTs by using the standard redox system, 
ferrocyanide/ferricyanide, [Fe(CN)6]
3-/4-. The results demonstrate that N-
MWCNTs exhibit higher sensitivity, lower detection limit, and faster kinetics of 
electron transfer compared to N-P-MWCNTs. Namely, it was observed that the 
electrochemical response and the sensitivity of composite films decrease with 
phosphorus doping.  
The modification of fabricated N-MWCNTs with metal nanoparticles MNPs was 
also investigated. For this purpose, rhodium (RhNPs), palladium (PdNPs), iridium 
(IrNPs), platinum (PtNPs), silver (AgNPs), and gold (AuNPs) nanoparticles were 
used for the decoration of fabricated films. The N-MWCNTs/MNPs (M: Rh, Pd, 
Pt, Ag) films were electrochemically characterized by using the standard redox 
system [Fe(CN)6]
3-/4-. The extracted results indicate that the modified N-
MWCNTs/MNPs (M: Rh, Pd, Pt, Ag) films exhibit powerful response, since the 
nanoparticles play a role as catalyst that improves significantly the electrocatalytic 
activity of electrode. Namely, the response of the films towards [Fe(CN)6]
3-/4- 
tends to increase with the following order: N-MWCNTs < N-MWCNTs/RhNPs < 
NMWCNTs/PdNPs < N-MWCNTs/PtNPs < N-MWCNTs/AgNPs.  
Furthermore, the modified composite films N-MWCNTs/MNPs (M: Rh, Pd, Ir, 
Pt, Au) were applied as a working electrode for the simultaneous analysis of some 
interesting biomolecules such as acetaminophen, N-acetyl-cysteine, ascorbic acid, 
dopamine, and uric acid in phosphate buffer solution PBS (pH 7.0). The findings 
demonstrate that the detection capability of composite films towards oxidation of 
AA, DA, and UA enhances with the following order: N-MWCNTs < N-
MWCNTs/RhNPs < NMWCNTs/PdNPs < N-MWCNTs/IrNPs < N-
MWCNTs/PtNPs < N-MWCNTs/AuNPs.  
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From the results it can be concluded that N-MWCNTs/AuNPs is the best 
composite film for the simultaneous determination of the studied molecules. 
Electrochemical studies reveal that N-P-MWCNTs film is quite suitable for 
individual analysis of AA, DA, and UA. However, the simultaneous analysis of 
AA, DA, and UA on this particular film was not possible due to the overlapping 
of oxidation peaks of AA and DA. Generally, the N-P-MWCNTs films appear to 
be less sensitive compared to N-MWCNTs films. 
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Zusammenfassung 
Stickstoff-dotierte (N-MWCNT) und Stickstoff-Phosphor-dotierte (N-P-
MWCNT) mehrwandige Kohlenstoffnanoröhren wurden mittels chemischer 
Gasphasenabscheidungstechnik (CVD) erfolgreich hergestellt. Die synthetisierten 
MWCNTs sind auf Silizium/Siliziumoxid Wafer durch die Zersetzung von 
Acetonitril und Triphenylphosphin in Gegenwart vom Ferrocen als Katalysator 
gewachsen. Die Morphologie wurde mittels Rasterelektronenmikroskopie (REM) 
in Kombination mit Energiedispersiver Röntgenspektroskopie (EDXS), 
Transmissionselektronenmikroskopie (TEM), und Raman Spektroskopie 
untersucht. 
Die REM Aufnahmen zeigen, dass die N-MWCNTs einen Teppich aus vertikal 
ausgerichteten Kohlenstoffnanoröhrchen bilden und die Oberfläche des Films 
weitgehend homogen ist. TEM Aufnahmen einzelner Röhren zeigen, dass die N-
MWCNTs eine sogenannte Bambus-Struktur besitzen. REM-Aufnahmen der N-P-
MWCNT Filme zeigen ebenfalls eine homogene Struktur der Filme, die ähnlich 
der der N-MWCNT ist, mit zusätzlichen Knoten in der Röhrenstruktur. Dabei 
ändert sich die Morphologie der hergestellten Filme mit zunehmendem TPP 
Gehalt (zwischen 0.7 und 1 Gew %) in der Kohlenstoffquelle (Acetonitril). Eine 
Schicht aus amorphem Kohlenstoff bedeckt die Kohlenstoffnanoröhrchen 
teilweise, sodass keine ausgerichteten Kohlenstoffnanoröhrchen in den REM-
Bildern erkannt werden können. Durch die Erhöhung des TPP Gehalts bis auf 1 
Gew % im Lösungsmittel entstehen sehr dünne Filme aus N-P-MWCNTs. Die 
TEM-Bilder bestätigen, dass die N-P-MWCNTs noch eine Bambus-Struktur 
besitzen (erkennbar bis zu einem Zusatz von 0.6 Gew %. TPP). Darüber hinaus 
(mehr als 0.6 Gew %. TPP) konnten durch den abgeschiedenen amorphen 
Kohlenstoff keine TEM-Bilder mehr aufgenommen werden. 
Die quantitative Auswertung der Raman-Spektren zeigt, dass das Verhältnis der 
Intensitäten der Raman Banden D und G für N-MWCNT-Filme kleiner ist als das 
Verhältnis für N-P-MWCNT-Filme ist. Es wurde festgestellt, dass das 
Intensitätsverhältnis bei der Dotierung mit Phosphor zunimmt und folglich der 
Grad der Defekte abnimmt. 
Die elektrochemische Charakterisierung der gewachsenen Schichten mittels 
Zyklischer Voltammetrie und Elektrochemischer Impedanz Spektroskopie wurde 
gegenüber dem Redoxsystem [Fe(CN)6]
3-/4- durchgeführt. Die Ergebnisse zeigen, 
dass die hergestellten N-MWCNTs die höchste Sensitivität, die kleinste 
Nachweisgrenze, und die schnellere Kinetik der Elektronübertragung im 
Vergleich zu den N-P-MWCNTs zeigen. Die Dotierung von 
Kohlenstoffnanoröhren mit Stickstoff verbessert die elektrokatalytischen 
Eigenschaften, während die zusätzliche Dotierung der N-MWCNTs mit Phosphor 
die Sensitivität und die Kinetik der elektrochemische Prozess auf diesen Filmen 
deutlich verringert. 
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Die nachträgliche Modifizierung von N-MWCNTs mit Metall-Nanopartikeln 
(MNP) wurde ebenfalls untersucht. Dabei wurden Rhodium- (RhNP), Palladium- 
(PdNP), Platin- (PtNP) und Silber- (AgNP) Nanopartikel für die Modifizierung 
der Oberflächen verwendet. Die hergestellten Filme aus N-MWCNTs/MNP 
wurden ebenfalls elektrochemisch mit dem Redoxsystem [Fe(CN)6]
3-/4- als 
Modellsystem charakterisiert. Die Ergebnisse zeigen, dass die modifizierten N-
MWCNTs/MNP stärkere Signale (response) zeigen, da die Nanopartikels als 
Katalysator wirken. Die elektrokatalytische Aktivität der Elektroden verbessert 
sich in der folgenden Reihenfolge: N-MWCNTs < N-MWCNTs/RhNP < N-
MWCNTs/PdNP < N-MWCNTs /PtNP < N-MWCNTs/AgNP.  
Die Anwendung von N-MWCNTs/MNP (M: Rh, Pd, Ir, Pt, und Au) Filmen als 
Arbeitselektroden für die gleichzeitige quantitative Analyse von einigen 
medizinisch relevanten Biomolekülen, wie zum Bespiel Ascorbinsäure, Dopamin,  
und Harnsäure in Phosphat-Puffer-Lösung PBS (pH 7.0) wurde ebenfalls 
erfolgreich demonstriert. Die Ergebnisse zeigen, dass die Nachweisgrenze von N-
MWCNTs/MNP in der folgenden Rheinfolge abnimmt: N-MWCNTs > N-
MWCNTs/RhNP > N-MWCNTs/PdNP > N-MWCNTs/IrNP > N-MWCNTs 
/PtNP > N-MWCNTs/AuNP. Die AuNP zeigen den größten Effekt auf die 
Empfindlichkeit und die elektrokatalytische Aktivität bei der gleichzeitigen 
Bestimmung der untersuchten Moleküle. Die hergestellten nanostrukturierten 
Schichten aus N-MWCNTs und AuNP konnten auch für die Analyse von 
Acetaminophen (AC) und N-Acetyl-Cystein (NAC) erfolgreich eingesetzt werden.  
Die Stabilität der synthetisierten Kohlenstoffnanofilme über längere Zeiträume 
und die Reproduzierbarkeit der Synthese der Filme wurden untersucht und zeigen, 
dass die hergestellten Elektrodenfilme eine sehr gute Stabilität und 
Reproduzierbarkeit in den elektrochemischen Messungen aufweisen. 
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1 Introduction 
1.1 Background  
Nanotechnology is considered to be the technology of future, and its applications 
are very wide in various fields. With the advancement of science and analysis 
tools, a lot of attractive researches that interested in nanomaterial and its 
application in electronics, optics, energy storage, and sensors were investigated.  
Carbon nanotubes CNTs are undoubtedly one of the most attractive material and 
still an interesting research topic until now. Due to their novel properties such as 
hardness, electrical and thermal conductivity, CNTs appear to be the most 
interesting material until now. Many efforts have been made to improve their 
properties through the doping with different dopant such nitrogen, phosphorus, 
boron, and silicon. Through the doping, not just the morphology of the CNTs will 
be changed, but also their physical and chemical properties. The growing interest 
in nitrogen-doped multi-walled carbon nanotubes (N-MWCNTs) and nitrogen-
phosphorus carbon nanotubes (N-P-MWCNTs) was a topic for researcher in the 
last years. The fabrication of (N-MWCNTs) and (N-P-MWCNTs) are explained 
more in paragraph below (see 2.1.4).   
 
The CNTs were widely used as sensor material in electrochemical applications 
was widely applied, since they reduce the overpotential and enhance the current 
response, as well as the increase the selectivity and chemical stability. In addition, 
CNTs improve the reaction rate, the sensitivity, and the detection limit of redox 
system. Therefore, they have been used as sensor to analyze different 
biomolecules successfully. The modification of CNTs with metal nanoparticles 
(MNPs) has become of increased importance. Various approaches were developed 
to immobilize metal nanoparticles on the surface, since the MNPs enhance the 
sensitivity and also can play important role as catalyst (see 2.1.6). Various 
electrodes (glassy carbon-ceramic and more) were modified with CNTs to detect 
interesting biomolecules such ascorbic acid, dopamine, uric acid, paracetamol, 
and N-acetylcysteine (see 2.1.8). These electrodes required a lot of steps for 
preparation with difficulty in order to be used for the measurement. Therefore, it 
stills a challenge to develop a simple, rapid, inexpensive, selective, and sensitive 
method for simultaneous determination of biomolecules. 
 
In the present work, nitrogen-doped multi-walled carbon nanotubes were 
fabricated directly on the substrate, modified with metal nanoparticles (MNPs), 
and further used as working electrode for analyzing interesting biomolecules in 
simple method.   
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Many challenges still remain in synthesis of CNTs, growth mechanisms, and the 
effect of nitrogen and phosphorus doping on their structure, properties, 
modification, and its application.  
 
1.2  Motivation (objectives) 
The research aims to the following goals: 
I. Synthesis of nitrogen (N-MWCNTs) and nitrogen-phosphorus (N-P-
MWCNTs) doped multi-walled carbon nanotubes using chemical vapor 
Deposition (CVD) method. 
II. Characterization of fabricated films with SEM, TEM, EDX, and Raman 
spectroscopy. 
III. Modification of the fabricated films with various metallic nanoparticles 
(MNPs) such as, rhodium (RhNPs), palladium (PdNPs), iridium (IrNPs), 
platinum (PtNPs), silver (AgNPs), and gold (AuNPs) nanoparticles. 
IV. Electrochemical characterization of composited film using the standard 
redox system [Fe(CN)6]
3-/4- by means of cyclic voltammetry and 
impedance spectroscopy techniques. 
V. The fabricated composite films were used for simultaneous 
electrochemical analyzing of interesting biomolecules such as, ascorbic 
acid, dopamine, uric acid, paracetamol, and N-acetylcysteine. 
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2 Theoretical Background 
2.1 Carbon nanotubes 
2.1.1 Structure and properties 
Carbon is a remarkable chemical element that was described as a basic of all 
living system on the Earth [1]. The well-known allotropes of carbon are diamond 
(sp3 hybridized carbon), graphite (sp2 hybridized carbon), amorphous carbon, and 
fullerenes [2]. A new form of pure carbon that is perfectly straight tubules with 
diameter in nanometers, length in micrometer is carbon nanotubes CNTs. 
In 1991, MWCNTs were identified by S. Iijima who examined carbon soot as 
obtained from arc discharge of graphite electrodes via transmission electron 
microscopy (TEM) [3]. After that single walled carbon nanotubes (SWCNTs) 
were investigated in 1993 [4]. 
There are two main types of CNTs, single-walled carbon nanotubes (SWCNTs) 
possess a cylindrical nanostructure formed by rolling up a graphite sheet into a 
tube, and multi-walled carbon nanotubes (MWCNTs), which formed by several 
concentric layers of rolled graphite. 
  
(a)                                                                           (b) 
Fig. 1 Schematic diagram of partially rolled-up graphene layer (a), and a fully 
rolled-up graphene layer (b) [5]. 
Since their discovery, CNTs have become one of the most interesting and 
valuable material in nanotechnology due to their excellent electrical, chemical, 
and mechanical properties [6].  
The SWCNT can be characterized by its chirality, which can be defined by the 
chiral vector 𝐶ℎ,              𝐶ℎ = 𝑛𝑎1 + 𝑚𝑎2   [7] 
Where a1 and a2 are the unit cell base vectors of the graphene sheet, n and m are 
integers. 
When a graphite sheet will be twisted into a cylinder, namely by joining the 
beginning and the end of an (n,m) lattice vector, different electronic structure can 
be obtained depending on the value of (n,m).  
8 
 
(1) Zigzag tubes have n or m=0 , (2) Armchair tubes are defined by n = m and 
are metallic,  (3) Chiral 
 
                 
  
 
 
 
 
 
 
Fig. 2 (a) An infinite graphite layer with (n,m) nanotube naming scheme 
describing how a nanotube is rolled up, (b) SWCNT of zigzag structure, (c) 
SWCNT of armchair structure, (d) SWCNT of chiral structure [8], and (e) explain 
the distinction between SWCNT and MWCNT [9].  
SWCNTs can be metallic or semiconducting depending on the diameter and 
chirality [10]. An overview of some of the electronic, mechanical, and thermal 
properties compared to conventional materials are presented in Table 1. 
Table 1 Physical properties of CNTs compared to traditional materials of the 
respective category [11]. 
Properties CNTs Compare material 
E-Module [TPa] ≈1           Diamond  ≈ 1 
tensile strength [GPa] ≈30           Steel  ≈ 0.7 
Density [Kg/m3] ≈1300           Steel  ≈ 8000 
Thermal conductivity [W/mk] ≈2000           Copper  ≈ 400 
critical current density [A/cm2] 1×109           Copper  ≈ 500 
 
These properties depend on the perfection of the CNTs structure and its bulk-and 
surface structure. The properties are also influenced by the expression of existing 
defects, as well as inter interactions. Since the degree of defect is affected by the 
(a) (b) 
(c) (d) (e) 
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synthesis conditions, various structures can be observed for different types of 
produced CNTs. 
These excellent properties of the CNTs make them an important material for the 
development of emerging technologies and to be used in numerous applications 
such composite materials, coatings and films, microelectronics, energy storage 
(batteries and solar cell), environment, and biotechnology [12]. 
 
2.1.2 CNTs Market 
Carbon nanotubes (CNTs) have been attracted huge attention of researchers over 
the past 25 years.  According to Markets and Markets (M&M), the global market 
for carbon nanotubes in 2015 was worth about $2.26 billion [13]; an increase of 
45% from 2009 (i.e. ~ $ 1.24 billion). This was due to the growing potential of 
CNTs in electronics, plastics and energy storage applications and the projected 
market of CNTs is expected to be around $ 5.64 billion in 2020. It was obvious in 
the last five years a rising in the production of multi wall carbon nanotubes in the 
global market see (Fig. 3b). The main method for large scale production of CNTs 
is the chemical vapor deposition (CVD) method [14]. As we see from (Fig. 3a), 
the most popular application of CNT was in polymers, and it is expected to 
increase the demand of CNT in the coming years. Its application in electronics is 
also in demand, since they exhibit a good conductivity and optoelectronic 
properties. Growing the need for alternative energy Sources such solar cells and 
wind turbines is anticipated to promote the growth of carbon nanotubes market. 
 
   
 
 
 
 
Fig. 3 Global Carbon Nanotubes Market Estimates and Forecast, by Application, 
2012 - 2022 (Tons) [15] (a), global market for CNTs grades based on committed 
production, 2011-2016 ($ millions) Source: BCC Research (b). 
 
 
 
(a) (b) 
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2.1.3 Synthesis methods 
Carbon nanotubes can be produced by three different methods: namely be means 
of chemical vapor deposition, laser ablation or arc discharge. 
2.1.3.1 Chemical vapor deposition technique 
The growth mechanism involves the decay of hydrocarbon molecules catalyzed 
by the transition metal, and the saturation of carbon atoms in the metal 
nanoparticles [16]. The growth of CNTs is affected with several parameters such 
as the concentration of carbon source material and catalyst, the temperature, the 
pressure, the reaction time, and the volume of spray solution. The method is also 
controllable compared to other synthesis methods [17, 18]. 
The most common supported transition metal catalysts are Fe, Co, Ni from 
sources such as ferrocene, cobaltocene, and nickelocene, nitrates and others [19, 
20]. The catalyst nanoparticles can be deposited on substrates. The ideal substrate 
material is silicon due to its porous, that is suitable for growing the nanotubes on 
large surface [21]. 
Both SWCNTs, MWCNTs can be produced with this process depending on the 
temperature; that production of SWCNTs occurs at high temperature (900-
1200°C), whereas the MWCNTs growths takes place at lower temperature (600-
900°C) [22-27].     
In 1993, chemical vapor deposition (CVD) technique was first reported to produce 
MWCNTs [28]. Three years later, SWCNTs was also successfully produced [22].  
Generally, substrates are placed in the quartz tube and heated to the growth 
temperature. Afterwards, the reaction mixture containing carbon source, catalyst, 
dopant source (in case of fabrication of doped-CNTs) and an inert gas (N2, Ar) are 
introduced into the reaction chamber by applying an appropriate system 
conditions (temperature, pressure, etc.), these precursors lead to formation of 
CNTs. The growth process is carried out for a certain period of time. As soon as 
the supply process is terminated, the heating will be switched off and the system 
will be cooled down to ambient temperature at which the substrate can be safely 
removed. 
 The main advantages of CVD are: simple reactor design, economic technique, 
easy to control the structure (length and diameter), high purity of the obtained 
material, ability to use various substrates, allows CNT growth in different forms, 
such as powder, thin or thick films, aligned or entangled, straight or coiled 
nanotubes, as well as low synthesis temperature [29, 30].  
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2.1.3.2 Laser ablation 
It is one of the methods for synthesis of SWCNTs that it was first discovered in 
1995 [31]. In laser ablation technique, laser beam is used as energy source, a pulse 
laser irradiates on a graphite pellet containing catalyst materials (usually nickel or 
cobalt) in the presence of inert gas such as helium which vaporizes a graphite 
target. The soot produced by the laser vaporization will deposited onto a water-
cooled copper collector. The process occurs in furnace at (1200 °C) [32].  
The advantage of this method is a high quality produced SWCNTs. On the other 
hand, high energy and more purification step are required to produce SWCNTs by 
this method that limits their use as large scale industrial processes [21]. 
2.1.3.3 Arc discharge 
The arc discharge technique generally involves the use of two high-purity graphite 
electrodes in an evacuated chamber which is filled with inert gas (Argon or 
helium). The distance between the electrodes is about 1 mm. Direct current passes 
through the two electrodes and creates a high temperature discharge between 
them. Carbon is vaporized from a graphite rod (anode) and condenses on another 
rod (cathode) [33]. 
Multi-walled carbon nanotubes can be obtained without catalyst, while for the 
synthesis of SWCNT the presence of metallic catalyst (Fe, Co, Ni) is required. 
The growth temperature is considerable higher than by other methods (2000-
3500°C) [3, 34]. 
Several factors influencing the arc discharge process, such as the carbon vapor 
concentration, the carbon vapor dispersion in inert gas, the temperature, the 
composition of catalyst, and the presence of hydrogen. These factors affect the 
growth of the nanotubes, their inner and outer diameters, and the type of 
nanotubes (SWCNTs, MWCNTs) [35]. 
 
2.1.4 Doped carbon nanotubes 
The doping of carbon nanotubes with foreign atoms has recently attracted 
considerable interest, since it changes their electronic structure and consequently 
affects their electronic and chemical properties that enhance their application in 
different fields. Doping is the introduction of atoms into the backbone of material.  
It can be achieved by intercalating electron donors or acceptors, substitutional 
doping, encapsulating atoms, molecules or clusters gas adsorption, non-covalent 
functionalization with organic molecules or wrapping of polymers or covalent 
functionalization [36]. Substitutional doping of carbon nanotubes was first 
reported by Stéphan et al. in 1994 [37] using the arc discharge method. 
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The most common dopants are the neighbors of carbon in the periodic table 
nitrogen, phosphorus, and boron because of their similarity in physical and 
chemical properties to the carbon atom. The presence of these elements can 
significantly improve the electronic structure and enhance the electro-catalytic 
properties of carbon nanotubes [38-43].  
 
2.1.4.1 Nitrogen-doped multi-walled carbon nanotubes 
Nitrogen can be easily incorporated into carbon nanotubes. The incorporation of 
N into CNTs leads to nitrogen doped carbon nanotubes N-CNTs. Since nitrogen 
has five valence electrons compared to four of carbon, which can lead to doping 
effect. Namely nitrogen acts as an electron donor by creating an electron donor 
states near the conduction band [44].    
Nitrogen doping also leads to n-type semiconductor behavior. Resulting to 
improvement in conductivity [45], significant changes in the structure, hardness, 
and chemical reactivity [46-51].  
Different sources of nitrogen were used in the synthesis of N-CNTs such as 
ammonia gas [52-55] or liquid contained nitrogen (N-liquid) including 
ethylenediamine [56], acetonitrile [57,58], pyridine, methylpyrimidine [59], 
benzylamine [60-63] , toluene/benzylamine [52], and pyrazine [64]. 
The heteroatom can be introduced into the CNT during the synthesis reaction by 
using NH3, or by adding N atoms to the carbon source or the catalyst ligand 
(floating catalyst). The advantage of organonitrogen sources is that it can be 
nitrogen and carbon source at the same time. 
The possible bonding configurations for nitrogen in graphitic networks are 
presented in Fig.4  
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Fig. 4 Possible bonding configurations for N in graphitic networks: (a) pyridine-
like N, (b) pyrrole-like N, (c) substitutional N, (d) nitrile –C≡N, (e) amine - NH2, 
(f) single N pyridinic vacancy, (g) triple N pyridinic vacancy, and (h) interstitial 
N [65]. 
The three most common bonding configurations are: 
Pyridine-like sp2 - hybridized 6-fold ring arrangement (a).  
Pyrrole-like sp2 - hybridized 5-fold ring arrangement (b).  
Substitutional sp3 - hybridized 6-fold ring arrangement (c). 
Nitrogen doped MWCNTs exhibit very distinct morphologies. The structure has 
been studied by transmission electron microscopy (TEM) and the results revealed 
that the N-MWCNTs have a so-called ‘bamboo’ structure, due to the presence of 
nitrogen, which produce a unique corrugated hollow nanotube structure. The 
bamboo structures were more distinctly observed by lateral force microscopy 
(LFM) [66]. The effect of growth temperature on bamboo-shaped C-N nanotubes 
synthesis was investigated and reported in literature [67]. It was found that the 
atomic percentage of nitrogen content in the nanotubes depends on the growth 
temperature. Three different temperatures were studied 850, 900, and 950 °C. It 
was observed that the bamboo compartment distance and the diameter of 
nanotubes increase with increasing the temperature. Furthermore, the ratio ID/IG 
decreases with increasing the growth temperature. This can be explained with the 
increase the size of crystal planar domain in graphite sheets, resulting to a 
lowering of the degree of disorder and defects. 
Many researches have been involved in synthesis of N-CNTs due to their 
interesting improved electrical properties [68-71]. 
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  Fig. 5 TEM images of multi-walled carbon 
nanotubes doped with N atoms, produced by 
the thermolysis of ferrocene-benzylamine 
solutions at 850 °C: (a) low-resolution image 
showing the compartmentalized structure of 
N-doped MWCNTs; (b) high-resolution 
image of an individual compartment showing 
the continuous closure of tubes [72]. 
 
2.1.4.2 Nitrogen-Phosphorus-doped multi-walled carbon nanotubes 
Phosphorus is another doping element that can be effectively incorporated in the 
structure of CNTs leading to modification of the morphology and the properties of 
CNTs. The doping with phosphorus can be achieved either as single dopant (P-
CNTs) [64,73,74] or as co-dopant along with nitrogen (N-P-CNTs) [75, 76]. It has 
been found that both substitutional P and P-N doping creates highly localized 
electronic state near to the Fermi level modifying their electronic structure and 
enhancing the ability of the doped material to be used in electrochemical sensing 
[77].   
The P incorporation mechanism is still an open question. However, the 
understanding of this process is important for the understanding the N and P co-
doping of MWNTs. Triphenylphosphine as phosphorus source with concentration 
in the rage of 0.15 -0.65 wt. %, ferrocene 2.0 wt. % as catalyst were applied to 
fabrication the P-MWCNTs [74]. It was reported that the nanotubes in P-
MWCNTs exhibit a carbon necklace-like structure. SEM images taken for P-
MWCNTs exhibit that the sample consist of corrugated tubes with special 
structure independently of the content of TPP and they are shorter compared to 
undoped tubes grown under the same condition. TEM images demonstrate 
presence of catalytic nanoparticles at the tips as well as inside the tubes (see 
Fig.6). 
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Fig. 6 SEM images of the as-grown MWCNTs: (a) and (b) undoped tubes having 
length of about 100 µm. (c) And (d) corrugated and shorter phosphorus doped 
MWCNTs prepared with 0.2 wt. % of triphenylphosphine, (e) TEM image of P-
MWCNTs obtained by pyrolysis of ferrocene and triphenylphosphine in toluene 
showing carbon necklace morphology [74]. 
From X-ray diffraction measurement, iron, iron oxide, and iron phosphorus 
compounds were recognized. These nanoparticles are placed at the walls, at the 
tips, and inside the tubes. It was found that they play a catalyst role in the growth 
process. Also XPS spectra confirm the presence of phosphorus doping by 
recognizing three different peaks refer to P-O, C-P and P-P bonds. 
It must to be mentioned that a limited number of articles were reported in co-
doping N-P-MWCNTs. According to our knowledge only two studies concerning 
N-P-CNTs are reported in literature. Triphenylphosphine, benzylamine, and 
ferrocene were used as phosphorus source, nitrogen source, and catalyst, 
respectively for the synthesis of N-P-MWCNTs by means of catalytic vapor 
deposition method (CVD) [75]. The morphology of samples was characterized by 
means of SEM analysis. The SEM images indicate the high order array of 
MWCNTs. The results explain also that the length of MWCNTs decrease from 12 
µm to 2 -3 µm with increasing the phosphorus content in the spray solution from 
2.5 to 3.3 wt %. 
 
(e) 
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Fig. 7 SEM of N-P-MWCNTs arrays, synthesized at the optimum temperature and 
carrier gas flow rate, and different TPP concentrations: (a) 2.5 wt %. TPP (b) 3.3 
wt %. TPP [75]. 
TEM micrographs indicate that carbon nanotubes have bamboo-like structure and 
the catalytic particles are placed in the nanotubes. 
 
 
 
 
           
 
 
Fig. 8 Low-resolution TEM (a,b) shows the position of metal particles inside 
CNTs, and their overall morphology [75]. 
The X-ray diffraction pattern of N-P-MWCNTs show a combination of two 
phases of iron phosphide Fe2P and Fe3P in addition to iron carbide Fe3C, but EDX 
spectra confirmed that the iron phosphide particles were the most. Similarly, a 
reduction of the yield of CNTs was observed with increasing the content of TPP. 
This is a result of the reduction of nanotubes length, which is attributed to 
increasing in the ratio Fe2P to Fe3P in the catalyst (reduced catalytic activity for 
Fe3P). 
The production of N-P-MWCNTs was also achieved by using a floating catalyst 
chemical vapor deposition (FCCVD) [76]. In that work imidazole, 
triphenylphosphine, and ferrocene were used as nitrogen, phosphorus, and catalyst 
sources, respectively. SEM analysis indicates that the yield and length of carbon 
nanotubes decreased by increasing the amount of TPP. The length decreased from 
29 to 12 µm with increasing TPP from 10 to 50 mg. The results were in agreement 
with the previous published research work [75]. 
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TEM image confirmed that the N-P-MWCNTs have a similar structure to N-
MWCNTs (bamboo-like structure) but different ratio (DI/DO), where DI and DO 
are the inner and outer diameters of N-P-MWCNTs, respectively. This ratio is 
greatly decreased from 0.48 to 0.22 by increasing the TPP content from 10 to 50 
mg. The presence of elongated catalyst particles inside the tubes was also 
observed (Fig.9). 
     
 
 
 
 
 
 
Fig. 9 (a, b) SEM and TEM images of N-P-MWCNTs synthesized with 50 mg of 
TPP, (c) TEM image of an individual N-P-MWCNT synthesized with 30 mg of 
TPP, (d) Schematic diagram of growth mechanisms for CNx and CNxPy, (e) 
Raman spectra of CNx and CNxPy synthesized with 50 mg of TPP [76]. 
Raman spectroscopy study demonstrates that the addition of TPP increases the 
disorder and defects in the structure CNxPy. The downshift of G-band was also 
noticed, which can be attributed to the P doping. In this work we have discussed 
and studied the effect of addition of TPP to the N-MWCNTs by means of cyclic 
voltammetry, impedance spectroscopy, SEM, TEM, and Raman spectroscopy (see 
4.3.1 and 4.3.2). 
 
2.1.5 Growth mechanisms of carbon nanotubes 
2.1.5.1 Undoped carbon nanotubes 
Many different models of carbon nanotube growth have been proposed [78-82]. 
Generally, there are two major mechanisms used to explain the catalytic growth of 
CNTs which depend on the position of the catalyst particle (sides) with respect to 
(d) (e) 
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the substrate. (a) The tip-growth mechanism, where the catalyst particle is located 
at the tip of the growing tube and (b) the root-growth mechanism, where the 
catalytic particle is found at the bottom of the tube [83].  The location of the 
catalyst during formation depends on the strength of the interatomic forces 
between the metal atoms (catalyst) and the substrate. Thus, if the catalyst-
substrate interaction is strong the base growth mechanism will be established. 
Namely, the hydrocarbon will be decomposed to hydrogen which flies away and 
carbon that precipitate out on the hot catalyst particle in the form of CNT. The 
CNTs precipitation cannot push the metal sides up and therefore it is compelled to 
emerge out from the particles tip. The second growth process result when the 
interaction between the catalyst and the substrate is weak. The hydrocarbon will 
be decomposed on the surface of the metal particle, and the carbon will be 
diffused down. CNTs precipitate out across the particle bottom, pushing the whole 
metal particle off the substrate and at the end the tip growth mechanism will be 
formed [84, 85]. 
 
 
Fig. 10 Widely-suggested growth mechanisms for CNTs: (a) tip-growth model, 
(b) base-growth model [86]. 
2.1.5.2 Nitrogen-doped multi-walled carbon nanotubes  
N-MWCNTs have the so-called bamboo structure which consists of regular 
internal bamboo cavities. This bamboo structure is due to the presence of 
nitrogen. It was suggested that the role of nitrogen in bamboo compartment 
formation is because of the generation of pentagons in addition to hexagons [87, 
88]. Considerable effort has been made to study the growth mechanism of carbon 
nanostructures with nitrogen as dopant and several types of models have been 
proposed [89- 92]. 
 
Both illustrated mechanisms (tip and base growth mechanism) (Fig.10) which 
relate to a deposited catalyst on the substrate have been reported to explain the 
formation of N-CNTs. The base growth mechanism is commonly proposed 
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method to the formation of bamboo shaped N-CNTs. In this model, the catalyst 
particles dissociate reactant molecules giving C and N atoms which incorporated 
in and on the catalyst particle to form a tubular structure and they will be ejected 
from the metal particle due to accumulated stress on its surface [93]. 
 
   
 
Fig. 11 Model of mixed (base and tip) growth mechanism of N-CNTs [94]. 
 
2.1.6 Modification of carbon nanotubes with metal nanoparticles 
In recent years, many efforts have led to the development of methods to modify 
CNTs to obtain derivatives with more attractive properties. Composite 
nanomaterials that consist of nanocarbon in combination with nanometals are of 
considerable interest due to their novel optical, electronic, and catalytic properties 
[95-97]. Metal nanoparticles (MNPs) have a high effective surface area and their 
optical, electronic, magnetic properties differ from those of bulk material [98-
100], and depend on the size and shape of the MNPs [101], therefore they have 
been used to facilitate the electron transfer and to increase the sensitivity for 
simultaneous determination of biomolecules [102, 103]. The supported substrates 
used for the immobilization of metal nanoparticles play a significant role. 
MWCNTs can be considered as a good substrate for the deposition of metal 
nanoparticles since they have great electrical conductivity, which improve the 
kinetic of electron transfer of redox system. Consequently, to enhance their 
sensitivity and their detection ability, the MWCNTs based-electrodes were 
modified with the MNPs [104]. 
The first attempts of decorating CNTs with metal clusters were carried out in 
1994. Ajayan and coworkers [105] have spread ruthenium 2,5-pentanedionate 
onto SWCNTs and reduced it with a hydrogen. The obtained RuNPs were well 
dispersed on the nanotube surface. 
The modification of CNTs with MNPs can be achieved through two main 
pathways. MNPs either can be grown onto CNTs directly (reduction-deposition) 
or can be pre-formed and then connected to CNTs. 
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The reduction of noble metal salts is commonly used to produce MNPs. In this 
process reducing agent are required such as light, heat or chemicals to reduce the 
metal cation. The interaction bonds between the MNPs and CNTs are van der 
Waals bonds, While the commonly used metals are Pt, Au, Pd, Ag, Rh, and Ru 
[106 -110].  
CNTs can also be treated with acids (nitric acid or sulfuric acid) to create 
functions groups that play a role as anchors in the deposition of MNPs in the 
presence of reducing agent [111]. Microwave irradiation is another method that 
was applied to generate function groups (carboxyl, carbonyl, and hydroxyl) 
without any acid treatment or ultra-sonication [112]. Other methods for the 
deposition of MNPs are a galvanic cell [113] and electro-deposition [114].  
MNPs can be also introduced on the surface of CNTs with indirect methods. 
Covalent or noncovalent bonds may exist between the MNPs and the surface of 
CNTs. The MNPs are prepared and connected to the CNTs. The linkers can be 
classified into two types, functional groups may form covalent bonds with 
functional groups present on the CNTs [115, 116] and linkers that bind to the 
CNTs surface through weak interactions such as π-π stacking [117-119] 
hydrophobic and hydrogen bonds [120] , or electrostatic interactions [121, 122]. 
Zhu and coworkers [123] have proposed that bamboo-like carbon nanotubes 
which contain nitrogen can be used as a substrate for the immobilization of 
AuNPs rather better than undoped carbon nanotubes. They have observed that the 
AuNPs were finely dispersed, and an increase in the density of MNPs was also 
remarkable comparing to classic CNTs. These authors explained that by the 
presence of specific Au–N interactions which make the functionalization with 
nitrogen benefit for a uniform assembly of metal nanoparticles on CNTs surface. 
Many efforts have been devised in this field to improve the modification methods. 
The direct method is simple and efficient but the size, shape and other properties 
of MNPs cannot be controlled. The second method is more complicated and 
requires many chemical reactions, including processes such as the preparation of 
MNPs and making some surface modification. On the other hand, the advantage 
of this procedure is the ability to synthesize a desired size and shape of MNPs 
which is important in many applications. 
 
2.1.7 Carbon nanotubes in sensing  
Carbon nanotubes (CNTs) is a very attractive electrode material for the 
development of sensors, due to their unique properties such as high surface area, 
great electrical conductivity, excellent mechanical properties, biocompatibility, as 
well as a great chemical stability [124-126]. 
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Recently, many investigators have demonstrated that CNTs possess good electro- 
catalytic activities, since they reduce the overpotential and improve the current 
response of the redox system [127]. Furthermore, CNTs are capable to promote 
electron-transfer reactions when used as electrode materials in electrochemical 
reactions providing fast electron transfer kinetic [128]. 
 
These properties have attracted much attention and raised interest in CNTs 
applications making them ideal candidates for sensor to investigate different 
interesting molecules such as paracetamol, dopamine, ascorbic acid, uric acid, 
aspirin, and epinephrine [129-133]. 
 
2.1.8 Analysis of Biomolecules 
Paracetamol is also known as acetaminophen (AC) (N-acetyl-p-aminophenol or 
4-acetamidophenol) is a widely used analgesic and antipyretic drug, especially for 
the patients that are sensitive to aspirin [134]. 
 
It is used worldwide to treat pains such as headache, toothache, arthritis, migraine, 
neuralgia, muscular aches, and postoperative pain [135]. Generally, AC does not 
exhibit any harmful side effects, but the overdose in few cases leads to the liver 
and kidney damage [136]. Therefore, its determination and quality control are of 
vital importance [137]. AC is an electroactive molecule and its electrochemical 
behavior has been investigated using various electrochemical methods [138-141].  
It was also electrochemically studied in the presence of other molecules such 
aspirin [142], ascorbic acid [143], and epinephrine [144]. 
 
N-acetylcysteine (NAC) is a pharmaceutical drug that can be used because of its 
hepato-protective activity as antidote for treating acetaminophen poisoning [145]. 
It is also effective and act as antioxidant and some researcher have suggested his 
role in preventing some types of cancer [146]. Its electrochemical behavior was 
also investigated [147- 152]. Since NAC is effective as an antidote in AC 
overdoses, it would be quite interesting to determine these molecules 
simultaneously. 
 
Recently, several electrode materials were used for simultaneous determination of  
Acetaminophen (AC) and N-acetylcysteine (NAC), but however the most popular 
was a modified carbon paste electrode [153, 154]. 
In this work, AC and NAC were simultaneously investigated on N-MWCNTs 
modified with AuNPs and PtNPs. To our knowledge, no report about the 
simultaneous analysis of AC and NAC on N-MWCNTs modified electrode was 
recorded. 
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Ascorbic acid (AA) is an important water-soluble substance that is present in 
many biological fluids, pharmaceuticals, fruits and vegetables. AA is also added 
to foodstuffs as an antioxidant for stabilizations of color and aroma. It is well 
known that AA takes part in several biological processes, furthermore AA 
prevents and treats the scurvy, common cold, mental illness, and cancer [155, 
156]. 
 
Dopamine (DA) is one of the most important neurotransmitters in the mammalian 
central nervous system [157]. Low levels of DA may cause neurological disorders 
such as schizophrenia and Parkinson’s disease [158]. DA plays an important and 
essential role in brain and regulates functions such mood, attention, learning, 
controlled movement, sleep, motivation and memory [159]. 
 
Another physiologically important molecule is uric acid (UA) which is the 
primary end-product of purine metabolism. Abnormal concentrations of UA 
dissolved in human urine and/or blood are symptoms of several diseases such as 
gout, hyperuricemia, Lesch-Nyan syndrome, cardiovascular, and kidney diseases 
[160, 161]. 
 
 
 
       
 
(a) (b) (c) 
 
     
 
                 (d)          (e) 
 
 
Fig. 12 Chemical structure of (a) ascorbic acid, (b) dopamine, (c) uric acid, (d) 
paracetamol, and (e) N-acetylcysteine.  
Since AA, DA, and UA are electrochemically active compounds and coexist in 
biological fluids, such as in human blood plasma and urine, considerable efforts 
have been devoted for the detection of these molecules. Various analytical 
methods were used for this purpose. Among these, electrochemical techniques 
have more advantages over other methods in sensing due to their relatively low 
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cost, simple instrumentation, high selectivity, and sensitivity and less time 
consuming. 
 
Many studies in the literature for individual analysis of these compounds have 
been reported [162- 164]. The oxidation potentials of AA, DA, and UA at 
standard electrodes are in the same regions, and thus the peaks are overlapped 
making their simultaneous determination difficult [165]. To overcome this 
problem various modified electrode materials, include polymers modified 
electrodes [166], carbon-ceramic modified electrodes were used [167]. Many 
modified electrodes have been constructed for the simultaneous detection of AA, 
DA, and UA [168-174]. 
 
In recent years, metal nanoparticles have attracted much more attention in electro 
analysis because of their unusual physical and chemical properties [175, 176]. 
Composite materials modified with nanoparticles were applied for simultaneous 
analysis of AA, DA, and UA [177-181]. 
 
In the present work nitrogen-doped multi-walled carbon nanotubes (N-MWCNTs) 
were decorated with rhodium (RhNPs), palladium (PdNPs), iridium (IrNPs) 
platinum (PtNPs), and gold (AuNPs) nanoparticles possessing diameters of 2.7, 
2.6, 2.7, 2.7, and 14 nm, respectively and were used for the detection of AA, DA, 
and UA. Furthermore N-MWCNTs composite films were successfully used to 
simultaneous determination of AA, DA, and UA in a single measurement.  
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3  Experimental  
3.1 Synthesis of doped-MWCNTs 
3.1.1 Substrate preparation  
The MWCNTs were grown on silicon/silicon oxide substrate Si/SiO2 (Siegert 
Consulting e.K., Germany) with geometric surface area was 1.0 cm2. The used 
wafer has a thickness of about 525±25 μm /1.7 μm, respectively. Four wafers were 
sonicated in ethanol for about 5 min and then cleaned with a cotton swab. 
Afterwards they were placed on the holder (quartz glass), which was placed in a 
quartz tube (100 cm long). The position of the holder was about 15 cm from the 
beginning of the tube. 
3.1.2 Fabrication of N-MWCNTs 
In the present work the (N-MWCNTs) were produced by means of the chemical 
vapor deposition (CVD) using ferrocene (FeCp2) as catalyst and acetonitrile 
(ACN) as carbon and nitrogen source for synthesis of (N-MWCNTs). 
The spray solution was prepared with following method: 0.1 gr ferrocene was 
dissolved in 12.8 ml ACN (d=0.78g/cm3, equivalent to 10 gr) to obtain a solution 
contain 1% FeCp2 in 10 gr ACN. After that the solution was sonicated about 5 
min. The synthesis process was performed in cylindrical furnace at temperature of 
850
 
oC using Argon as carrier gas under pressure of 20 KPa. The heating rate was 
15 oC /min. After the temperature was stabilized at 850 oC the solution mixture 
was introduced in the furnace through a syringe using syringe pump with a flow 
rate of 10 ml/h. The nebulizer was attached to the quartz tube reactor (internal 
diameter: 3 cm; length: 100 cm). The decomposition of the carbon-nitrogen 
containing compounds occurrs on the surface of iron nanoparticles, which play a 
role as catalyst for the decomposition of carbon source material. Namely, these 
catalyst nanoparticles are sides for the growing of N-MWCNTs. The growth 
process lasts for about 20 min for 3 ml spray solution. After that the furnace was 
switched off and the tube reactor was cooled to ambient temperature under Argon 
flow. As soon as the oven is cold, the holder can be taken from the tube and the 
black fabricated wafers can be stored in a small box. The used parameters and 
conditions such as sprayed volume, flow rate, and the position of the substrate in 
the quartz tube were the optimum parameters for fabrication of N-MWCNTs in 
this work. 
 
3.1.3 Fabrication of N-P-MWCNTs 
A mixture consists of acetonitrile (ACN) as nitrogen and carbon source, 
triphenylphosphine (TPP) as phosphor and carbon source, and ferrocene (FeCp2) 
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as catalyst was used for fabrication of nitrogen-phosphorus doped multi-walled 
carbon nanotubes (N-P-MWCNTs).  0.2 gr FeCp2 and various amount of TPP 
(between 0.02 and 0.1 gr) were dissolved in 12.8 ml acetonitrile ACN and 
sonicated for 5 min. Namely, the last ternary mixture contained 2% FeCp2, TPP 
(0.2-1 wt %.) in 10 gr acetonitrile. 3ml of the spray solution was sprayed in the 
oven. The conditions for the production of N-P-MWCNTs were the same with 
those used for the production of N-MWCNTs. 
    
    
Fig. 13 The scheme of pyrolysis apparatus CVD (a), the spray unit (b), the tube 
after spraying (c), the produced films on the holder (d). 
 
3.2  Physical characterization of doped-MWCNT films 
3.2.1  Scanning electron microscopy (SEM) 
To characterize the structures in the micro- and nanometer range an appropriate 
resolution is require which goes far beyond the conventional light-optical 
microscopes. The SEM is a microscope that uses electrons instead of light to 
produce a largely magnified image. It is a most popular technique which is 
available to give information about the overall morphology of fabricated samples. 
The process begins at the top of the microscope, where a beam of energetic 
electrons is produced by an electron gun. This focused beam of high energy 
electron follows a vertical path in the microscope, which is held within a vacuum. 
The beam transmitted through electromagnetic fields and lenses until it reaches 
the sample. The electrons enter the surface of the sample with an energy range 
from 50 to 30.000 volts leading to eject electrons (secondary SE and 
backscattered BSE electrons) as well as X-rays from the sample producing 
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various signals which give information about the sample's surface topography and 
composition. Detectors collect these electrons and convert them into a signal that 
produces the SEM image. SEM produces black and white, three-dimensional 
images. 
In conventional SEM the magnification ranging from 20X to approximately 
30.000X. In this work a FEI/Philips (model XL30 SEM) equipped with an energy 
dispersive X-ray spectrometer (SEM/EDS) was used to investigate the arrangement 
and the alignment of the grown CNTs as well as elemental analysis. 
 
3.2.2 Transmission electron microscopy (TEM) 
The transmission electron microscope (TEM) based on the same basic principles 
as the light microscope but uses electrons instead of light. It uses electrons as 
"light source" and their much lower wavelength makes it possible to get a 
resolution a thousand times better compared to a light microscope. The possibility 
for high magnifications has made the TEM a valuable tool in both medical, 
biological and materials research. 
TEM consist of an electron source which can be tungsten, lanthanum hexaboride 
(LaB6 - often called “lab six”), and field emission gun (FEG) which is placed 
usually at the top of the microscope. Tungsten sources are least expensive but 
offer lower brightness and have limited lifetimes. The electron gun emits the 
electrons that travel through vacuum in the column of the microscope and is 
condensed into a very thin beam at the specimen by the condenser lenses. The 
specimen must be thin enough to transmit the electrons, typically 0.5 μm or less. 
After the electron beam passed through the sample, the unscattered (transmitted) 
electrons are collected and focused by the objective lens and a magnified real 
image of the specimen is projected by the projection lenses onto the viewing 
device at the bottom of the column [182]. 
TEM analysis for various produced and modified films was performed by means 
of TEM (FEI Titan) operating at 300 KV, images acquired using TEM and 
elemental analysis acquired using STEM.  
 
3.2.3  X-ray photoelectron spectroscopy (XPS) 
X-ray photoelectron spectroscopy (XPS) is a surface characterization technique 
that can analyze a sample to a depth of 2 to 5 nanometers (nm). XPS reveals the 
chemical elements that are present at the surface as well as the nature of the 
chemical bond that exists between these elements. It provides valuable 
quantitative and chemical state information. In XPS the sample is illuminated with 
a beam of x-radiation (1.5 kV) in an ultrahigh vacuum causing photoelectrons to 
be emitted from the sample surface. These give rise to small shifts in the peak 
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positions in the spectrum, the so-called chemical shifts. An electron energy 
analyzer is used to measure the energy of the emitted photoelectrons. From the 
binding energy and intensity of a photoelectron peak, the elemental identity, 
chemical state, and quantity of detected element can be determined. 
3.2.4 Raman Spectroscopy 
Raman spectroscopy is a spectroscopic technique based on Raman Effect. In this 
technique, the sample is illuminated with a monochromatic laser beam which 
interacts with the molecules of sample. It may be reflected, absorbed or scattered 
in some manner. Most of the radiation is elastically scattered (called the Rayleigh 
scatter), a small portion is inelastically scattered (Raman scatter, consist of Stokes 
and anti-Stokes portions). The inelastic scattering is used to construct a Raman 
spectrum. The scattered light has a different frequency from that of incident light 
because of the change in the vibrational energies associated with the bonds of 
molecules in the sample which provide information about the molecular structure. 
It is presented as an intensity-versus-wavelength shift. Raman spectroscopy is a 
powerful tool that is useful in the study of the vibrational properties and electronic 
structures of CNT [183].The most prominent Raman features in CNTs are the 
radial breathing modes (RBMs) appears at about 120-250 cm-1 and indicate the 
diameter of CNTs, the so-called G-line is a characteristic feature of the graphitic 
layers and corresponds to the tangential vibration of the carbon atoms in all sp2 
carbon materials occurs at 1580 cm-1, the characteristic mode is D-line 
(disordered) which is a typical sign for defective graphitic structures. It occurs 
around 1350 cm-1; the defects can be porous, impurities or other breaking defects, 
and G' (second-order Raman scattering from D-band variation) at 2700 cm-1. The 
intensity ratio of these two peaks (ID/IG) gives information and characterizes the 
relative disorder (degree of defects) of CNTs, the higher the ID/IG ratio, the lower 
the graphitic structural quality of the material [184]. 
This work reports some investigations carried out by Raman spectroscopy on 
(MWCNTs) and (doped-MWCNTs). The N-MWCNT films were found to exhibit 
smaller value of intensity ratio (IG/ID) compared to N-P-MWCNTs film, 
indicating greater degree of structural defects in N-MWCNTs.  
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3.3 Fabrication of metal Nanoparticles  
3.3.1 Photochemical segmented flow technique 
Colloidal noble metal nanoparticles were prepared using the photochemical 
segmented flow technique [185]. A representative scheme of apparatus used for 
the fabrication of metal nanoparticles is shown in Fig. 14. The apparatus consists 
of three PC-controlled syringe pumps, PTFE-tubing with an inner diameter of 0.5 
mm, standard fluid connectors and one 4-port manifold (both made of polyether 
ether ketone).  
The segmented flow technique is well suited for micro continuous-flow synthesis 
of plasmonic nanoparticles with high size homogeneity [186, 187] and for tuning 
of nanoparticle properties [188]. It causes a narrow residence time distribution for 
all volume elements of the reactant mixture under the UV ray and a high 
reproducibility of the fluid motion in this range. All noble metal nanoparticles 
were prepared using the corresponding metal salt solutions (1.0 mM). The salt 
solution was mixed with the polyvinylpyrrolidone/photoinitiator solution 
(PVP/PI) in a 4-port-manifold and segmented with perfluoromethyldecalin (PP9). 
The PVP/PI solution was previously prepared from PVP solution (2 wt %) and 2-
hydroxy-40-(2-hydroxyethoxy)-2-methylpropiophenone solution (1.0 mM). The 
nucleation starts with the irradiation of the segments in the photo initiation 
element (2 mm length of the focus, irradiation time: 135 ms). The properties of 
the synthesized metal nanoparticles, such as the particles diameter, the full width 
at half maximum and the particles number are reported in Table 2. 
 
Table 2 Properties of the fabricated metal nanoparticles. 
Parameter RhNPs PdNPs IrNPs PtNPs AuNPs 
Particles diameter/nm 2.7 2.6 2.7 2.7 14.4 
Full width at half 
maximun/nm 
1.7 1.4 1.5 1.5 5.03 
Particles number/ml-1 3.40×1013 2.40×1013 1.66×1013 3.10x1013 2.33×1012 
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Fig. 14 Scheme of apparatus used for the fabrication of metal nanoparticles 
(MNPs). The fabrication of nanoparticles was achieved in cooperation with group 
of prof. Dr. Köhler, department of Physical Chemistry / Microreaction 
Technology. 
 
3.3.2 Chemical fabrication of AuNPs 
Another method was applied for synthesis of AuNPs (simple immersion method). 
The decoration of N-MWCNTs with AuNPs was carried out according to the 
following procedure: the films were immersed in aqueous solution of HAuCl4 (1.0 
mM) and left in solution for about 15 min. Afterwards, the reduction to AuNPs 
was done with treatment with ascorbic acid (1.0 mM). At the end of treatment, the 
modified films were washed with doubly distilled water and dried at the room 
temperature. It must be mentioned that the size of fabricated gold particles was in 
the range of 200-500 nm.  
      
Fig. 15 Histogram showing the diameter of AuNPs and their % content on surface 
of N-MWCNTs. 
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3.4 Modification with metal nanoparticles 
The doped-MWCNTs were decorated with different metal nanoparticles by 
immersing the films in aqueous solution of sodium citrate (2.5 mM) for about 10 
min. Afterwards the films were dried in the air for about 120 min at room 
temperature. By using a micropipette, 50 µL MNPs solution was dropped on the 
surface of films and left for drying. Finally, the films washed carefully with 
doubly distilled water and let again for drying.  
 
3.5 Electrochemical application 
The electrochemical reactions take place at the interface between an electrode and 
an electrolyte. The relatively low cost, simple instrumentation, high selectivity 
and sensitivity, and less time consuming make the electrochemical techniques a 
preferred method that can be applied in wide field. Cyclic voltammetry, 
impedance spectroscopy, and differential pulse voltammetry are widely accepted 
methods to solve electrochemical systems problems. 
 
3.5.1 Chemicals and solutions  
Polyvinylpyrrolidone (Mw=10000 g∙mol-1) (>99%), 2-hydroxy-4’-(2-
hydroxyethoxy)-2-methyl-propiophenone (>98%), dihydrogenhexachloro-
platinate (>99.95%), potassium hexacyanoferrate (III), potassium 
hexacyanoferrate (II) trihydrate, silver nitrate, potassium chloride, L-ascorbic acid 
(>99%)( Merck), uric acid (>99%) (Fluka), dopamine hydrochloride (>99%), 
paracetamol or acetaminophen AC (>99.0 %) and N-acetylcysteine NAC (>99.0 
%), Triphenylphosphine (TPP) (>99 %), ferrocene FeCp2 (>98 %) were purchased 
from Sigma-Aldrich Chemie GmbH, Germany, Acetonitrile ACN (Merck) was 
stored over 0.4 nm molecular sieves. 
Tetrachloroauric(III) acid trihydrate (>99.5%) and palladium(II) nitrate dehydrate 
(>99%) were obtained from Carl Roth GmbH, Germany (www.carlroth.com), 
while perfluoromethyldecalin (>99%), iridium(III) chloride hydrate (>99.9%), and 
rhodium(III) chloride hydrate (>99.5%) were obtained from F2 Chemicals Ltd., 
England (http://f2chemicals.com) and Alfa Aesar GmbH & Co KG, Germany 
(www.alfa.com), respectively.  
The solutions for the electrochemistry measurements were prepared by dilution of 
stock solution of K3 Fe(CN)6/K4 Fe(CN)6 (0.01 M) in 1.0 M aqueous KCl solution. 
The stock solution was prepared immediately prior to the electrochemical 
experiments using high-quality deionized water. 
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Phosphate buffer solution PBS (pH 7.0) was used as electrolyte for the analysis of 
biomolecules such as paracetamol, N-acetylcysteine, ascorbic acid, dopamine and 
uric acid, since this pH value is very close to the physiological pH (pH 7.36). All 
solutions were deoxygenated by purging with high-purity nitrogen before the 
measurement. The measured solutions of biomolecules were prepared prior to 
measurements directly in electrochemical cell with progressive addition of an 
appropriate volume of stock solution of each analyst into PBS (pH 7.0). 
 
3.5.2 Preparation of working electrode 
The fabricated doped-MWCNTs and modified doped-MWCNTs/MNPs films 
were connected to copper wire by using silver conducting coating. After about 24 
h (when the silver coating was dried), the silver part and the copper wire were 
carefully covered with a protective coating (nail enamel). Once the varnish layer 
was dried (after about 15 min), the electrode was ready to be used as working 
electrode for electrochemical measurements (Fig.16). 
 
   
  
 
 
 
Fig. 16  Images illustrating the steps for the preparation of working electrode. 
 
3.5.3 Electrochemical Cell 
A three-electrode system consisting of the working electrode, the auxiliary 
(counter) electrode, and the reference electrode was used in electrochemical 
experiment. The electrodes were placed in cell containing the sample solution. 
 
 
 
1 2 3 
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Fig. 17 The electrochemical cell used in this work. 
The working electrode, on which the studied process takes place, was either N-
MWCNTs, modified N-MWCNTs/MNPs or N-P-MWCNTs films. In some 
studies, we have also used conventional electrodes such Pt and GC. Silver-silver 
chloride Ag/AgCl (saturated KCL) was used as reference electrode.  It acts as a 
reference against which the potential of the working electrode is compared. To 
complete the circuit, counter electrode is required.  An inert conducting material, 
like platinum wire or graphite rod is commonly used [189, 190]. In the present 
work, platinum plate (3.75 cm2) was used as counter electrode 
 
3.5.4 Cyclic Voltammetry (CV) 
Cyclic voltammetry is the most popular used technique for studying the 
electrochemical reactions.  Its relative simplicity and ability to give information 
about the redox processes and kinetic, make it widely applied in electroanalytical 
study. It is a powerful method for characterizing the electrochemical behavior of 
analyst which can oxidized or reduced [191]. 
 
In a cyclic voltammetry the applied potential at a working electrode is ramped 
linearly versus time. This ramping is known as a scan rate (V/s). The voltage is 
swept between two values V1, V2 at a fixed rate, however when the voltage 
reaches V2 the scan is reversed, and the voltage is swept back to V1. In cyclic 
voltammetry measurement the potential is applied between the reference and 
working electrode and the current will be measured between the working and 
auxiliary electrode [192]. The response of the current is recorded as a function of 
the applied potential I=f (E), the resulted curve of this measurement is called 
voltammogram. 
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All electrochemical measurements were carried out on electrochemical working 
station Zahner (IM6/6EX, Germany) and the obtained data were analyzed by 
means of Thales software (version 4.15). All measurements were performed at the 
room temperature. 
3.5.5 Electrochemical Impedance Spectroscopy (EIS) 
Impedance spectroscopy is a powerful method which became very popular in 
applied electrochemistry and materials science. It is used for characterizing the 
electrical behavior of systems and to obtain information about the reaction 
mechanism of an electrochemical process. This technique is significant important 
and widely used in thin-film technology, materials fabrication, corrosion or even 
in basic electrochemical research. 
 
The concept of EIS is to study the system response with the application of a 
periodic small amplitude AC signal over a range of frequencies. Impedance is the 
ratio between voltage and current, demonstrating the ability of a circuit to resist 
the flow of electrical current, represented by the real impedance term Zreal, but it 
also reflects the ability of a circuit to store electrical energy represented by 
imaginary impedance term Zimag [193]. The obtained data can be plotted either in a 
Bode plot or a Nyquist plot. The electrochemical process on an electrode can be 
simulated to an equivalent circuit consisting of resistors R, capacitors C and 
inductors W.  
 
In this Study, the electrochemical impedance spectra were recorded with a 
computer-controlled system Zahner (IM6/6EX, Germany) in the frequency range 
of 0.10 Hz-100 KHz at the half-wave potential of studied redox system. The EIS 
spectra were analyzed and simulated using the software Thales (version 4.15). 
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4  Results and Discussion 
 
4.1 Characterization of N-MWCNTs 
4.1.1 Physical characterization of N-MWCNTs 
 
4.1.1.1 Scanning electron microscopy analysis  
The N-MWCNTs films were characterized by means of scanning electron 
microscopy (SEM). The low magnification SEM images reveal that the film’s 
surface is quite homogeneous, and the high magnification SEM images show a 
carpet of vertically oriented aligned carbon nanotubes. The thickness of the film 
varies from 20 to 30 µm (Fig.18). To study the chemical composition of film the 
X-ray photoelectron spectroscopy analysis (XPS) was performed. The extracted 
data are presented in Table 3. The Results confirmed that the N atoms are 
incorporated into the structure of the tubules and the overall nitrogen amount was 
about (∼7 wt %).  
 
 
 
    
 
  
 
   
 
 
 
Fig.18 SEM images of vertically aligned N-MWCNTs. 
 
Table 3 The chemical composition of nitrogen doped multi wall carbon nanotubes 
(N-MWCNTs) estimated by means of XPS [194]. 
Element C N Fe 
Element content % 92.6 7.0 0.4 
 
 
4.1.1.2 Transmission electron microscopy analysis  
 
TEM images obtained from synthesized wafers are shown in Fig.19. The N-
MWCNTs possess bamboo-like morphology, which is common and result from 
(a) (b) 
28.2 µm 
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nitrogen doping. The central channel of the tube contains encapsulated iron 
nanoparticles. The inner diameter was found to be between 5 and 20 nm whereas 
the outer diameter lies in the range of 50-100 nm. 
 
 
  
      
    
 
 
 
 
 
 
 
 
 
                 
Fig.19 TEM images showing the bamboo-like Structure of N-MWCNTs films. 
 
4.1.2 Electrochemical characterization of N-MWCNTs 
 
4.1.2.1 Cyclic voltammetry 
 
Representative CVs recorded for the standard redox system [Fe(CN)6]
3-/4- (1.0 M 
KCl) on N-MWCNTs composite films showing the effect of change of 
concentration of redox system on anodic current density are shown in  Fig. 20a. 
Quite symmetrical CVs consist of an oxidation wave in the range of 0.31–0.32 V 
(vs. Ag/AgCl), corresponding to one electron oxidation of [Fe(CN)6]
4- to 
[Fe(CN)6]
3-, and reduction wave in the range of 0.24–0.25 V (vs. Ag/AgCl), 
representing the reduction of [Fe(CN)6]
3- to [Fe(CN)6]
4- were obtained. 
 
A slight shift of oxidation and reduction peaks to more positive and less positive 
potentials, respectively, were observed with the increase of concentration of 
studied redox system [Fe(CN)6]
3-/4-. Consequently, the anodic and cathodic peak 
potential separation ∆Ep= Epox- Epred tends to increase with the rise in 
concentration of redox system. 
(a) 
(c) 
(b)
50 nm 
(d) 
50 nm 
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Fig. 20 (a) CVs recorded for various concentrations of [Fe(CN)6]
3-/4- (1.0 M KCl) 
(from inner to outer: 0.099, 0.196, 0.415, 0.595, 0.712, 0.797, and 0.990 mM) on 
N-MWCNTs composite film at the scan rate of 0.02 V.s-1; (b) Variation of 
oxidation peak current of [Fe(CN)6]
3-/4- with its concentration in the range of 
0.099-0.990 mM. 
 
Since the slow electron-transfer kinetic is independent of concentration of redox 
system, while the effect of uncompensated resistance of electrochemical cell 
dependents on concentration, the findings reveal that the shift of oxidation and 
reduction potentials, and thus, the variation of peak potential separation with the 
change of concentration of redox system is due to cell resistance that remains 
uncompensated. 
 
The peak current ratio of reverse and forward scans is equal to unity (within 
experimental error) and independent of the scan rate applied for recording the 
CVs indicating that there are no parallel chemical reactions coupled to 
electrochemical process. Furthermore, the oxidative and reductive peak currents 
are essentially constant for large number of cycles, demonstrating that there are no 
chemical reactions coupled with the electron transfer and confirming that the 
studied electro-active species are stable in the time frame of the experiment and 
that the charge-transfer process occurring on studied composite films is reversible. 
 
The half-wave potential (E1/2) of [Fe(CN)6]
3-/4- estimated as the average value of 
oxidation and reduction peak potential (E1/2 = 0.280 V vs. Ag/AgCl), something 
that is expectable for reversible redox systems. The anodic and cathodic peak 
potential separation (ΔEp) obtained on N-MWCNTs film (ΔEp ≈ 0.083 V) appears 
to be greater compared to the theoretical ΔEp that is suggested for one-electron-
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transfer process (ΔEp ≈ 0.059 V) [195], demonstrating slight deviation of 
[Fe(CN)6]
3-/4- from reversibility on this particular electrode. 
 
The heterogeneous electron-transfer rate constant ks was estimated by means of 
electrochemical absolute rate relation [196] that is based on degree of peak 
potential separation between the forward and reverse scans. ks was also 
determined by means of EIS. It must be mentioned the small amount of cell 
resistance that remains uncompensated affects slightly the peak-to-peak potential 
separation and therefore the rate of charge transfer. For the determination of ks, the 
diffusion coefficient value of D = 7.26×10-6 cm2. S-1 was considered for 
[Fe(CN)6]
3-/4- [197]. 
 
The oxidation peak current density for N-MWCNTs films towards [Fe(CN)6]
3-/4- 
investigated in concentration range of 0.099–0.990 mM by means of CV 
technique was found to be linear against the concentration permitting, thus, the 
determination of lower limit of detection and sensitivity (Fig.20b). The 
electrochemical parameters extracted from recorded CVs and the estimated values 
of detection limit and sensitivity are reported in Table 4. 
 
Table 4 Parameters extracted from CVs measurements 
parameter Epox 
(V) a 
Epred 
(V) a 
∆Ep 
(V) 
A 
(cm2) 
iPox/iPred 
Ks(10
-2 
cm s-1)b 
Ks(10
-2 
cm s-1)c 
Rct (Ω)
d 
LOD 
(µM)e 
S 
(A M-1 
cm-2) 
N-MWCNTs 0.321 0.238 0.083 3.93 1.01 0.51 0.62 58 0.341 0.464 
 
a
   All potentials are reported with respect the Ag/AgCl (KCl sat.) reference electrode. 
b The ks values were determined from electrochemical absolute rate relation: Ψ= 
(Do/DR)a/2ks(nᴫFvDo/RT)-1/2, where Ψ is kinetic parameter, a the charge-transfer coefficient (a ≈ 
0.5), Do, DR the diffusion coefficients of oxidized and reduced species, respectively (Do ≈ DR), and           
n the number of electrons involved in the redox reaction (n = 1) [196] 
c The ks values were determined from EIS parameters according to relation: Rct = RT/n2F2Aksc, 
where Rct is the charge-transfer resistance, A the active surface area, and c the concentration of 
redox system [198]. 
d The EIS parameters were determined using the equivalent electrical circuit (Rs + (Cdl/(Rct  +Zw))) 
(software Thales, version 4.15) 
e The detection limits were estimated on the basis of signal-to-noise (S/N) ratio of 3 by means of 
CV technique. 
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4.1.2.2 Impedance spectroscopy 
 
The electrochemical impedance spectroscopy (EIS) technique is an analytical toll 
for the investigation of electrical properties of composite films. Consequently, EIS 
experiments were applied and the electrochemical impedance spectra were 
recorded in the whole investigated concentration range of 0.099–0.990 mM. 
 
The recorded EIS spectra (presented as Nyquist plots) have the shape of 
characteristic impedance spectrum, namely they include a part of depressed 
semicircle followed by a straight line. The depressed semicircle, observed at 
higher frequencies (it is almost not observable), corresponds to the electron-
transfer limited process (very slow electron-transfer procedure), whereas the 
linear part that can be seen in lower frequencies represents the diffusion limited 
electron-transfer process (very fast electron-transfer Process). 
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Fig. 21 (a) EIS spectra recorded for various concentrations of [Fe(CN)6]
3-/4- (1.0 
M KCl) on N-MWCNTs composite film at the frequency range from 0.1 Hz to 
100 kHz. The EIS spectra were recorded at the half-wave potential of [Fe(CN)6]
3-
/4- (+0.280 V vs. Ag/AgCl). The symbols are denoted as follows: 0.099 mM (open 
square); 0.196 mM (open circle); 0.291 mM (open upward triangle); 0.415 mM 
(open downward triangle); 0.595 mM (star); 0.797 mM (plus symbol); 0.990 mM 
(X symbol); (b) Variation of charge transfer resistance of [Fe(CN)6]
3-/4- with its 
concentration in the range of 0.099-0.990 mM. 
 
As it can be seen in EIS spectra shown in Fig.21a, an obvious semicircle on N-
MWCNTs film can be recognized in high-frequency region of the spectrum 
indicating that a limited electron-transfer process takes place onto this particular 
electrode. The equivalent electrical circuit of (Rs + (Cdl/ (Rct + Zw))) was used for 
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the simulation of the spectra. The circuits’ elements can be explained as follows: 
Rs is the solution resistance, Cdl the double layer capacitance (constant phase 
element was used instead of capacitor), Rct the charge-transfer resistance and Zw 
the Warburg diffusion impedance [199]. 
 
To study the interfacial properties of N-MWCNTs films, the charge-transfer 
resistance (Rct) element is chosen, since it controls the electron-transfer kinetics of 
redox system at electrode interface and represents the barrier for the electron-
transfer process. 
 
It was observed that the charge-transfer resistance increases slightly with the rise 
of the concentration of electro-active substance (Fig.21b). This observation can be 
connected to the interruption of the electron-transfer process caused by the 
uncompensated resistance effect, which becomes more significant with increase of 
concentration of the electro-active substance. From the impedance parameters, the 
ks values of [Fe(CN)6]
3-/4- redox system on N-MWCNTs composite films were 
once more estimated and are included in Table 4. 
 
It was found that the ks values estimated by means of EIS Technique differ 
somewhat 21 % from those approximated by means of electrochemical absolute 
rate relation. This disagreement can be attributed to the greater inaccuracy of 
calculating ks by means of electrochemical absolute rate relation (because of the 
hardness and roughness of the films and also the effect of uncompensated 
resistance). 
 
4.1.3 Application of N-MWCNTs for analysis of biomolecules 
 
4.1.3.1 Electrochemical detection of acetaminophene on N-MWCNTs and 
MWCNTs  
 
Paracetamol (AC) is an active electrochemically compound because of the 
presence of hydroxyl Group in its molecular structure. It is very interesting to 
study its oxidation behavior on synthesized N-MWCNTs films and get some more 
information about the kinetic. AC is oxidized to N-acetyl-p-quinone imine 
(NAPQI) and this electrochemical oxidation that involves two electrons and two 
protons transfer is quite common for other aminophenol (Fig.22). 
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 Fig. 22 Electrochemical oxidation of paracetamol PCA [200]. 
CVs for various concentrations of AC in the range of 0.118-0.907 mM in (PBS, 
pH 7.0) were recorded on N-MWCNTs films. Some represented CVs at scan rate 
0.05 V.S-1 are shown in Fig.23. 
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Fig. 23 Representative CVs recorded for various concentrations of AC (PBS, 
pH 7.0) on N-MWCNT film at the scan rate of 0.05 V.s-1 (from inner to outer: 
0.118, 0.193, 0.300, 0.362, 0.515, 0.643, 0.744, 0.833, and 0.872 mM); Insets: 
Representative DPVs recorded for AC (PBS, pH 7.0) on N-MWCNT film (from 
inner to outer: 0.118, 0.193, and 0.300 mM), and the effect of concentration of AC 
on anodic peak current in the concentration range of 0.118–0.907 mM.  
 
As it can be seen in Fig.23, the CVs seem to be symmetric in the studied range 
(0.118-0.907 mM), which indicate that the amount of oxidized and reduced 
current is almost equal. The N-MWCNT film exhibits a reproducible quasi-
reversible redox response towards oxidation of AC, confirming that no parallel 
chemical reaction takes place, and that the charge–transfer process occurring on 
N-MWCNT film is quasi-reversible. 
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The effect of concentration of AC on anodic peak current is graphically presented 
(inset Fig.23). The current increases linearly with increasing the concentration in 
the range 0.118–0.907 mM. The oxidation potential of AC lies at about 0.440 V 
(vs. Ag/AgCl) and appears to be less positive potential comparing to that 
measured on other electrode material (see Table.5), and the reduction potential 
was about 0.350V (vs. Ag/AgCl). From the recorded CVs the oxidation and 
reduction peak separation ∆Ep= Epox - Epred was estimated. The obtained ∆Ep value 
exhibit that is greater than what was theoretical expected for Nernstian, two-
electron transfer process ∆Ep=0.059/n V, n is the number of transferred electron 
(in this case n =2, ∆Ep=0.0295 V) [201]. The ∆Ep values of this redox system on 
N-MWCNTs vary from 0.113 to 0.655 V in the studied range of concentration 
and increases almost linearly with increasing the concentration of AC (Fig.24). 
 
As it was expected, the anodic and cathodic peak currents increase with increasing 
scan rate, and the dependence of current on square root of scan rate is linear, 
showing that the charge–transfer process occurring on N-MWCNT film is 
diffusion controlled  [202, 203]. 
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Fig. 24 Plot of variation of peak potential separation with the concentration of AC 
on N-MWCNTs film (PBS, pH 7.0). 
 
The great ΔEp value (ΔEp>600 mV) for the oxidation of AC on conventional 
glassy carbon electrode was also observed by other scientists [204]. If one 
considers that ΔEp is inversely related to heterogeneous electron transfer rate 
constant (ks) and therefore to kinetics of redox reaction, it can be concluded that 
the large ΔEp values demonstrate the significant deviation of AC/NAPQI redox 
couple from reversibility. However, considering that the slow electron transfer 
kinetic does not depend on concentration of electroactive species, while the effect 
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of uncompensated resistance depends on their concentration, the observed 
concentration dependence of peak potential separation clearly reveals that the 
residual uncompensated solution resistance is probably responsible for the great 
ΔEp values. In addition, the great peak potential separation can be also result from 
coupled chemical reactions, something which is not the case that the cathodic and 
anodic peak current ratio reaches unity. 
 
Anyhow, the peak potential separation value is not realistic, and thus, the value of 
rate constants of studied redox system cannot be determined from the 
electrochemical absolute rate relation, which is based on the degree of peak 
potential separation between the forward and the reverse scans. 
 
In other words, for redox systems displaying ΔEp values less than 390 mV [205] 
(the ΔEp values of AC/NAPQI on N-MWCNT vary from 113 to 655 mV in 
studied concentration range of 0.118– 0.907 mM). Nevertheless, the “real” peak 
potential separation (ΔEp kin) can be approached graphically from the plot of peak 
potential separation versus peak current for different concentrations of 
electroactive species at a given potential scan rate according to the relationship: 
ΔEp=ΔEp kin+2ipR (where R is the uncompensated resistance) [206]. Thus, from 
the linear plot ΔEp versus ip (correlation coefficient 0.9766) (Fig.25), the ΔEp kin 
value of 0.074 V was estimated, which is more than two times greater from the 
expected ΔEp for a reversible two-electron transfer (ΔEp=0.0295V), confirming 
that the redox process involving AC/NAPQI is quasi-reversible. From the ΔEp kin 
value of 0.074 V, the heterogeneous electron transfer rate constant of ks =3.6×10−3 
cm s−1 was estimated for AC/NAPQI on N-MWCNT film using the absolute rate 
relation. 
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Fig.25 Plots of variation of peak potential separation with the oxidation peak 
current on N-MWCNT film (PBS, pH 7.0).  
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In order to estimate the detection limit and the sensitivity of N-MWCNT towards 
AC/NAPQI, the relationship between the oxidation peak current and 
concentration of AC in the range of (0.118–0.907 mM) was investigated (inset 
Fig.23). It can be seen that the relation is linear in the whole investigated range 
with correlation coefficient of 0.9939. The value of detection limit and sensitivity 
were estimated graphically to be 0.485 μM and 0.8406 A M−1 cm−2, respectively. 
The detection limit was also calculated using DPV technique in the concentration 
range of (0.118–0.515 mM) (inset Fig.23). The relationship between peak current 
for oxidation of AC versus its concentration was linear (correlation coefficient 
0.9980), and the estimated detection limit of 0.475 μM seems to be in a very good 
agreement within experimental error (∼3 %), with that determined by means of 
CV method. 
 
The same study was carried out on the pristine MWCNTs. Namely, CVs were 
recorded for different concentration of AC in PBS pH 7.0 at the same conditions 
(Fig.26). A quasi-reversible behavior for AC/NAPQI redox system was identified, 
and the CVs seem to be somewhat unsymmetrical with slight current differences 
between forward and reverse scans. It muss to mention that an additional peak 
which lies at about 0.2 V can be seen, that is probably attributed to the presence of 
iron nanoparticles incorporated in the structure of pristine MWCNTs. A poorer 
detection limit (0.950 μM) and sensitivity (0.601 A M−1 cm−2) were determined 
graphically from the calibration curve current versus AC concentration in same 
concentration range (inset Fig.26). The findings clearly indicate that the doping of 
MWCNTs with nitrogen affects strongly their electrochemical quality. In this 
work, it was verified that the N-MWCNTs possess a rapid response with 
enhanced detection ability and sensitivity comparing to the pristine MWCNT-
based films. 
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Fig.26 Representative CVs recorded for various concentrations of AC (PBS, 
pH 7.0) on film consisting of pristine MWCNTs at the scan rate of 0.05 V s−1 
(from inner to outer: 0.300, 0.362, 0.515, 0.643, 0.744, 0.833, and 0.907 mM); 
Inset: Effect of concentration of AC on anodic peak current in the concentration 
range of 0.118–0.907 mM. 
 
The impedance spectroscopy technique was also applied to study the response of 
the fabricated N-MWCNTs towards the oxidation of AC/NAPQI. EIS spectra 
were recorded on the N-MWCNTs films in the presence of AC with different 
concentrations (Fig.27). The obtained Nyquist plots were simulated by means of 
equivalent electrical circuit: (Rs+(Cdl/Rct)+Cf+Zw) (software Thales, version 4.15) 
(inset Fig.27). The circuit's elements can be explained as follows: Rs is resistor 
representing the cell's uncompensated resistance, Rct is resistor representing the 
charge–transfer resistance, Cdl and Cf are capacitors corresponding to double-layer 
capacitance and film's surface capacitance, respectively, and Zw represents the 
Warburg diffusion impedance. The microscopic roughness of N-MWCNT film 
causes an inhomogeneous distribution in solution resistance and double-layer 
capacitance, and for this reason, the capacitor was replaced by constant phase 
element (CPE). 
 
From EIS spectra it can be seen that in high-frequency range of the spectrum the 
impedance is controlled by the interfacial electron transfer, while at low-
frequencies, the Warburg impedance is generated. The extracted values of Rct 
were presented versus the concentration of AC in inset of Fig.27. It was observed 
that the value of charge transfer resistance decreases with increasing the 
concentration of AC, clarify that the barrier for electron transfer slightly 
decreases, and thus, the charge–transfer rate increases. It is interesting that the 
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obtained Rct values for the oxidation of AC on N-MWCNT are significantly 
smaller compared to those obtained on bare glassy carbon electrode under the 
same conditions [207]. 
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Fig. 27 Representative Nyquist plots for various concentrations of AC (PBS, 
pH 7.0) on N-MWCNT film. The symbols are denoted as follows: (filled square) 
0.118 mM, (filled circle) 193 mM, (filled upward triangle) 0.300 mM, (filled 
downward triangle) 0.362 mM, (open upward triangle) 0.515 mM, (open 
downward triangle) 0.643 mM, and (open square) 0.744 mM. Insets: The effect of 
concentration of AC on charge transfer resistance in the concentration range of 
0.118–0.907 mM; the electrical circuit used for the simulation of recorded EIS 
spectra (software Thales, version 4.15). 
 
As a result, smaller values were obtained on N-MWCNTs. These findings 
demonstrate clearly the importance of carbon nanotube material in enhancing the 
electrocatalytic activity. Also interesting is that the Rct values for AC/NAPQI on 
N-MWCNT film are somewhat smaller (around 9 %) compared to those obtained 
on film consisting of pristine MWCNTs. The last finding confirms once more the 
important effect of nitrogen doping on electrocatalytic activity of carbon 
nanotubes. The heterogeneous rate constant ks was also estimated from the 
impedance parameters, its value was in the range from 3.9×10−3 to 5.47×10−4 cm 
s−1 (in concentration range of 0.118– 0.907 mM) and seems to be agree well to ks 
values calculated using the electrochemical absolute rate relation (3.6×10−3 cm 
s−1). A comparison of detection limits and sensitivities of N-MWCNT with those 
of other novel electrode materials reported in literature towards AC/NAPQI is 
shown in Table 5. From this comparison, it is remarkable that the detection ability 
of N-MWCNT film is quite enhanced. 
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Table 5 Comparison of electrochemical parameters of AC obtained in the present 
work on N-MWCNT film with those reported in literature for other novel 
electrode materials. 
 
S/A M−1 CM−2 DL/µM 
 
Epox/Va 
 
Conditions Electrode 
0.8406 0.485 0.440 PBS/pH 7.0 N-MWCNTb 
0.6010 0.950 0.437 PBS/pH 7.0 MWCNTb 
13.04 50  PBS/pH 7.2 GCE/C60 c 
 0.79  PBS/pH 7.0 PGE/MIPd 
53 0.66 0.425 PBS/pH 7.4 PVC/TTF–TCNQe 
 0.10 0.300 BRBS/pH 10 CPE/Cu/Zf 
 0.19  PBS/pH 7.0 GCE/MWCNTg  
0.282 0.60 0.344 AMBS/pH 8.5 CPE/Gh 
0.531 14.22 0.650 PBS/pH 3.0 GCE/G/Ndi 
0.0296 0.37 0.450 KOH/pH 13 CCE/Coj 
 
a Potential versus Ag/AgCl reference electrode. 
b N-MWCNT and pristine MWCNT films fabricated in present work. 
c Glassy carbon electrode modified with C60. The sensitivity is reported in μA mM−1 [208] 
d Pencil graphite electrode modified with molecularly imprinted polypyrrole [209] 
e Composite electrode consisting of poly(vinyl chloride), tetrathiafulvalene 7,7,8,8 
tetracyanoquinodimethane salt modified with gold nanoparticles. The sensitivity is given in mA 
M−1 [210]  
f Carbon paste electrode modified with copper(II)-doped zeolite [211]  
g Glassy carbon electrode modified with multi-walled carbon nanotubes [212] 
h Carbon paste electrode modified with graphene. The potential is reported versus saturated 
calomel reference electrode. The sensitivity is reported in μA μM−1; AMBS ammonia/ammonium 
buffer solution [213] 
i Glassy carbon electrode modified with graphene oxide and neodymium hexacyanoferrate [214] 
j Carbon ceramic electrode modified cobalt oxide nanoparticles. The potential is reported versus 
saturated calomel reference electrode. The sensitivity is given in μA μM−1 [215]  
 
 
 
4.2  Characterization of N-MWCNTs/MNPs 
4.2.1 Characterization of N-MWCNTs modified with AuNPs 
(chemical reduction)  
 
4.2.1.1 Scanning electron microscopy SEM/EDX 
 
As it can be seen in SEM micrographs (Fig.28), the bright particles AuNPs having 
various diameters are dispersed homogeneously onto the surface of N-MWCNTs 
films and no agglomeration of nanoparticles takes place. By using ascorbic acid as 
reducing agent to reduce the Au3+ ions from its aqueous solution (Chloroauric 
acid, HAuCl4) to AuNPs, relative large particles are obtained, their diameter in the 
range of (200-500 nm), (see Fig.15 in 3.3.2). From SEM images we can see that 
the AuNPs with diameter 200 nm appear to be formed in the greater amount on 
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the surface of N-MWCNTs (about 27 %). The SEM/EDX analysis of selected 
AuNPs confirms that these nanoparticles consist of gold (94.4 %). As it is already 
known, the size of deposited nanoparticles depends on the type of the reducing 
agent, and faster reaction with strong reducing agents results to smaller 
nanoparticles [216]. 
 
     
                           
 
                     
 
 
                 
   
  
 
   
 
Fig. 28 SEM images of N-MWCNTs/AuNPs using ascorbic acid as reducing 
agent (a,b,c), SEM micrograph showing the selected AuNPs and its recorded 
corresponding EDX spectrum (d,e). 
Hydrogen gas (H2) was also used as another reducing element. Firstly, Argon gas 
was introduced to a small Pre-heated oven (100°C) containing wafers which were 
already immersed in HAuCl4. Afterwards H2 gas was introduced for about 10 min 
to reduce the Au3+ ion to AuNPs. At the end the oven was turned off and let to 
cool until 40°C under the flowing of Ar gas. SEM images recorded for N-
MWCNTs/AuNPs films reveal that the deposited AuNPs (recognized as bright 
cyclic dots) dispersed also homogeneously on the fabricated films without 
agglomeration and significantly have smaller size comparing to those deposited 
using ascorbic acid (Fig.29). 
 
The size of AuNPs obtained using Hydrogen as reducing agent was not unified, 
but the prevailing size was about 100 nm (about 70% from the total number of 
AuNPs). 
 
 
 
 
 
 
 
 
(b) 
(c) 
(a) (b) (c) 
(d) (e) 
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Fig.29 SEM images of N-MWCNTs/AuNPs films using H2 gas as reducing agent 
(a,b). 
4.2.2 Elechtrochemical Characterization of N-MWCNTs/AuNPs 
4.2.2.1 Cyclic voltammetry 
 
The electrochemical response of the synthesized films was investigated toward the 
standard redox system ferro/ferricyanide, [Fe(CN)6]
3-/4-  (1.0 mM) in aqueous 0.1 
M KCl solution. CVs recorded for [Fe(CN)6]
3-/4- on N-MWCNTs/AuNPs exhibit a 
pair of quite reversible anodic and cathodic peaks (Fig.30a). The peak potential 
separation of ΔEp≈0.070 V (v = 0.02 V s−1) was observed, which is very close to 
that expected for one-electron reversible redox process (ΔEp=0.064 V), and 
smaller compared to that obtained on unmodified N-MWCNTs film (ΔEp≈0.083 
V; v = 0.02 V s−1). 
 
CVs show also that the peak current ratio of reverse and forward scans is equal to 
unity and is independent of scan rate indicating that there are no parallel chemical 
reactions coupled to the studied electrochemical process (it is well known that 
parallel reactions change significantly the ratio of peak currents). Furthermore, the 
oxidative and reductive peak currents are constant for numerous cycles, indicating 
that there are no chemical reactions coupled to electron transfer process, and 
confirming that the studied couple [Fe(CN)6]
3-/4- is stable in time frame of 
experiment and that the charge transfer process occurring on N-MWCNTs/AuNPs 
film is reversible. The half wave potential of E1/2=+0.228 V (vs. Ag/AgCl) was 
estimated for [Fe(CN)6]
3-/4-  on N-MWCNTs/AuNPs. The anodic peak current was 
found to vary linearly with the square root of the scan rate (in the range of 0.02– 
0.30 V s−1) demonstrating that the redox system [Fe(CN)6]
3-/4- is diffusion 
controlled on N-MWCNTs/AuNPs film (Fig.30b). 
 
 
 
 
 
 
 
(a) (b) 
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Fig.30 (a) CVs recorded for 1.0 mM [Fe(CN)6]
3-/4- (1.0 M KCl) on N-MWCNTs/ 
AuNPs in scan rate range of 0.01–0.10 V s-1 (from inner to outer: 0.01, 0.02, 0.04, 
0,06, 0.08, and 0.10 V s-1). (b) Variation of anodic peak current density with the 
square root of scan rate in the range of 0.01-0.10 V s-1 for 1.0 mM [Fe(CN)6]
3-/4- 
(1.0 M KCl) on N-MWCNTs/AuNPs. (c) Variation of anodic peak current density 
with the concentration of [Fe(CN)6]
3-/4- in the range of 0.032-0.211 mM for 
[Fe(CN)6]
3-/4- (1.0 M KCl) on N-MWCNTs/AuNPs. 
 
It was verified that an improvement of film’s current response occurs upon 
modification with AuNPs. Namely, an obvious increase of film’s current response 
towards [Fe(CN)6]
3-/4- of about ∼50 % can be observed upon modification with 
AuNPs compared to the current response of unmodified N-MWCNTs (Fig.31). 
 
 
 
 
 
 
 
 
 
 
Fig.31 CVs recorded for [Fe(CN)6]
 3-/4- (1.0 mM) on either N-MWCNTs (dotted-
dashed lines) or N-MWCNTs/AuNPs (solid lines) (0.1 M KCl). 
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The findings demonstrate that the presence of AuNPs onto N-MWCNTs surface 
enhances their electrocatalytic properties and improves significantly their 
electrochemical response. 
 
 
4.2.2.2 Impedance spectroscopy   
 
The electrochemical impedance spectroscopy technique was also applied to study 
the kinetic of [Fe(CN)6]
3−/4− redox system on N-MWCNTs/AuNPs. Representative 
EIS spectra recorded for various concentrations in the range of 0.063–0.211 mM 
are shown in Fig.32a. As it can be seen, the impedance is controlled by the 
interfacial electron transfer at high frequencies, while at low frequencies the 
Warburg impedance is generated.  Furthermore, the variation of concentration of 
electroactive compound affects slightly the film’s impedance behavior. The 
extracted impedance data were fitted by using the software Thales (version 4.15) 
in order to study the interfacial properties of modified films. It was found that the 
charge transfer resistance Rct tends to decrease upon modification of films with 
AuNPs demonstrating the barrier for electron transfer decreases and the electron 
transfer rate increases. 
 
 
 
Fig.32  (a) EIS recorded for various concentrations of [Fe(CN)6]
3-/4- (1.0 M KCl) 
in the range of 0.063–0.211 mM on N-MWCNTs/ AuNPs in the frequency range 
of 0.1 Hz to 100 kHz. The symbols are denoted as follows: 0.063 mM (■); 0.091 
mM (●); 0.118 mM (▲); 0.143 mM (▼); 0.167 mM (□); 0.211 mM(○), (b) 
EIS spectra recorded for [Fe(CN)6]
 3-/4- (1.0 mM) on either N-MWCNTs (dotted-
dashed lines) or N-MWCNTs/AuNPs (solid lines) (0.1 M KCl). 
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The heterogeneous electron transfer rate constant ks value was determined by 
using the obtained impedance parameters (Rct) and it found to be about ≈9.5×10−3 
cm s−1. The findings demonstrate that the quality and thus the electrochemical 
response of films are enhanced upon modification with AuNPs. This result 
confirms the important role of AuNPs for the improvement of electrochemical 
quality of electrode. Namely, with the modification with AuNPs lower charge 
transfer resistance and less significant barrier for electron transfer can be 
observed, resulting thus to faster kinetics of redox process occurring on the 
modified films compared to unmodified N-MWCNTs (6.2×10-3 cm s−1). It is 
remarkable that the kinetic of redox system on the modified N-MWCNTs/ AuNPs 
is about 53% faster compared to that on unmodified N-MWCNTs for the same 
concentration (Fig.32b). 
 
4.2.3 Application of N-MWCNTs/AuNPs in Bioanalysis 
4.2.3.1 Electrochemical detection of NAC and AC on N-MWCNTs/AuNPs 
In the present work, both (NAC) and (AC) are determined on the N-
MWCNTs/AuNPs films. The most important application was their simultaneous 
determination in single experiment. It’s already known that the problem in the 
simultaneous analysis is the overlap of the oxidation peak potential resulting, 
consequently, to the interference current responses of the substances, and thus, 
making the distinguish of the voltammetric peak very difficult. For example, at 
the unmodified N-MWCNTs film the oxidation potential of AC appears at about 
+0.445 V (vs. Ag/AgCl), and the oxidation potential of NAC lies in the same 
potential region +0.250 V (vs. Ag/AgCl). The peak potential separation seems to 
be less than 200 mV (∼195 mV) and therefore overlapped oxidation waves can be 
obtained for NAC and AC substances on unmodified N-MWCNTs (Fig.33). 
1.00.50.0 -0.5
 
(a)
Potential (vs. Ag/AgCl) / VPotential (vs. Ag/AgCl) / V
C
u
rr
e
n
t 
D
e
n
s
it
y
 /
 m
A
 c
m
-2
C
u
rr
e
n
t 
D
e
n
s
it
y
 /
 m
A
 c
m
-2
0.5 mA
-0.5 1.00.50.0
 
(b)
0.5 mA
 
Fig. 33 Representative CVs recorded for NAC (1.78 mM) / AC (0.137 mM) 
mixture (a) and NAC (1.78 mM) (b) on unmodified N-MWCNTs at 0.02 V∙s-1 
(PBS, pH 7.0). 
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However, this problem can be solved with modification the N-MWCNTs films 
with AuNPs. As it can be seen in Figs.34-37 the modified N-MWCNTs/AuNPs 
film shows an excellent catalytic activity towards electrochemical oxidation of 
NAC and AC compared to unmodified N-MWCNTs film. It’s very interesting that 
the oxidation peak potential of AC on modified film is the same on the 
unmodified N-MWCNTs (+0.445 V vs. Ag/AgCl), while that of NAC is shifted to 
more anodic potential on the modified film (+0.884 V vs. Ag/AgCl). Namely, the 
oxidation of NAC occurs at about 634 mV more positive compared to that on 
unmodified N-MWCNTs film (+0.250 V vs. Ag/AgCl). These results demonstrate 
that the potential peak separation AC-NAC is about ∼440 mV, while the 
separation between the redox waves of NAC and AC on unmodified N-MWCNTs 
film is significantly less than the half (∼195 mV). 
 
Firstly, the response of N-MWCNTs/AuNPs film towards NAC was investigated 
in the absence of AC. For this purpose, CVs for various concentrations of NAC in 
range of 0.100–0.909 mM (PBS, pH 7.0) were recorded on N-MWCNTs/AuNPs. 
As it can be seen in Fig.34, the oxidation potential of NAC on N-
MWCNTs/AuNPs film is lying at about +0.884 V (vs. Ag/AgCl) and the current 
response increases with rising the NAC concentration. In order to estimate the 
detection limit and the sensitivity of the fabricated electrode towards NAC, the 
variation of oxidation current with the concentration of NAC was considered 
(Fig.36b). A linear relation of current versus concentration in investigated 
concentration range of 0.100–0.909 mM was observed. The detection limit and 
the sensitivity were estimated to be 3.00 μM and 0.069 A M−1 cm−2, respectively. 
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Fig. 34 Representative CVs recorded for various concentrations of NAC (a) 
0.100 mM, (b) 0.163 mM, (c) 0.384 mM, (d) 0.625 mM) on N-MWCNTs/AuNPs 
at 0.02 V. s−1 (PBS, pH 7.0). 
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Furthermore, NAC was analysed in the presence of AC. For this purpose, 
different concentrations of NAC in the range of 0.100-1.510 mM were 
investigated in the presence of constant concentration of AC (0.495 mM) in order 
to test the sensitivity and the detection ability of synthesized film toward 
simultaneous oxidation of AC and NAC. The CVs shown in Fig.35 demonstrate 
that the oxidation peaks of binary compound are well separated from each other. 
The potential peak separation for oxidation of NAC+AC was about ∼392 mV.  
The variation of oxidation current with NAC concentration was linear in the 
investigated range (R2 =0.9983). The lower limit of detection and sensitivity of N-
MWCNTs towards NAC in the presence of AC were estimated to be 3.00 μΜ and 
0.070 A M-1 cm−2, respectively.  
The oxidation current density responses of N-MWCNTs/AuNPs towards AC 
versus its concentration in the presence of NAC are shown in Fig.36a. For 
comparison reasons, the oxidation current density responses of N-
MWCNTs/AuNPs towards NAC versus its concentration in the presence and 
absence of AC are shown in Fig.36b. It can be seen that the values are very 
similar to those determined for NAC in the absence of AC. It can be, 
consequently, concluded that the analysis of NAC is not influenced by the 
presence of AC and thus the simultaneous determination of NAC and AC can be 
successfully done on the N-MWCNTs/AuNPs. 
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Fig. 35 Representative CVs recorded for various concentrations of NAC (a) 
0 mM, (b) 0.194 mM, (c) 0.380 mM, (d) 0.560 mM) containing AC (0.495 mM) 
on N-MWCNTs/AuNPs at 0.02 V. s−1 (PBS, pH 7.0) 
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Fig. 36 (a) Variation of oxidation current density of AC with its concentration in 
the range 0.063–0.190 mM in the presence of NAC (0.476 mM); (b) variation of 
oxidation current density of NAC with its concentration in the ranges 0.100–
0.909 mM and 0.100–1.510 mM in the absence (filled circle) and the presence 
(filled square) of AC (0.500 mM), respectively. 
In addition, the binary system was investigated by varying the concentrations of 
AC in the presence of constant concentration of NAC. Representative CVs 
recorded for various concentrations of AC (in range of 0.063–0.190 mM) in 
presence of NAC (0.476 mM) on N-MWCNTs/AuNPs are displayed in Fig.37. 
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Fig. 37 Representative CVs recorded for various concentrations of AC (a) 0 mM, 
(b) 0.063 mM, (c) 0.120 mM, (d) 0.190 mM in presence of NAC (0.476 mM) on 
N-MWCNTs/AuNPs at 0.02 V. s−1 (PBS, pH 7.0). 
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It is remarkable that the oxidation peaks of AC and NAC are well separated from 
each other (potential peak separation is ∼440 mV) and the peak separation is 
independent of variation of concentration of AC. Furthermore, the current 
response of AC enhances with increasing its concentration. Namely, it was 
observed that the oxidation peak current increases linearly upon increasing AC 
concentration in the range of 0.063–0.190 mM (R2 = 0.9997).  
The detection limit (S/N=3) and the sensitivity of N-MWCNTs/AuNPs towards 
AC (in the presence of NAC) were determined to be 0.35 μM and 0.866 A M-1 
cm−2, respectively. It must be mentioned that the detection limit and the sensitivity 
of N-MWCNTs/AuNPs towards AC seem to be slightly better compared to those 
obtained on unmodified N-MWCNTs film (0.485 μM; 0.8406 A M-1 cm−2) (see 
4.1.3.1), demonstrating the important role that plays the modification with AuNPs 
for improvement and enhancement of the electrocatalytic properties of N-
MWCNTs. The obtained results show that the detection ability of modified film 
N-MWCNTs/AuNPs towards AC (0.35 μM) seems to be smaller compared to that 
for NAC (3.00 μM) indicating, thus, the film’s sensitivity towards AC is greater 
than that for NAC. 
It would be very interesting to compare the detection limits of N-
MWCNTs/AuNPs film towards NAC and AC with those of other electrodes 
reported in literature. This comparison is shown in Table 6.  
The comparison of results obtained for the pure substances demonstrates that in 
general the N-MWCNTs/AuNPs film exhibits greater detection ability towards 
NAC and AC compared to other novel films reported in literature. Thus, the N-
MWCNTs/AuNPs film can be successfully applied as voltammetric sensor for 
simultaneous determination of NAC and AC with good sensitivity and detection 
ability. 
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Table 6 Comparison of detection limits (S/N=3) of N-MWCNTs/AuNPs with 
those of other novel electrodes reported in literature towards oxidation of NAC 
and AC. 
Electrode 
Detection limit/μM 
References 
NAC AC 
N-MWCNTs/AuNPsa 3.0 0.35 This work 
(N-DHPB)/CPEb 0.2 10 Ref [217] 
SiCuNP/CPEc 41.8  Ref [218] 
Fe3O4/RGO/GCEd 11.1  Ref [219] 
Fe3O4/GO/GCEe 25.0  Ref [220] 
Co/Graphene/GCEf 890  Ref [221] 
Co/GCEg 410  Ref [221] 
Co(OH)2/GCEh 220  Ref [222] 
CA/SPCEi  13 Ref [223] 
PVC/TTF-TCNQj  0.66 Ref [224] 
PANI/MWCNTs/GCEk  0.25 Ref [225] 
Ni/CEl  0.60 Ref [226] 
TiO2/GCEm  2.0 Ref [227] 
 
 
a Composite N-MWCNTs/AuNPs film fabricated in the present work. 
b Carbon paste electrode modified with N-(3,4-dihydroxyphenethyl)-3,5-dinitrobenzamide (N-
DHPB), (concentration linear range, 0.5–200 μmol L−1 NAC and 15.0–270 μmol L−1 AC ). 
c Carbon paste electrode modified with copper nitroprusside/3- aminopropylsilica (concentration 
linear range, 0.099–0.89 mM; sensitivity, 30.2 mA M−1 ). 
d Magnetite/reduced graphene oxide composite-modified glassy carbon electrode (concentration 
linear range, 0.10–10.0 mM; sensitivity, 21.64 μAM−1 cm−2 ). 
e Magnetite/graphene oxide composite-modified glassy carbon electrode (concentration linear 
range, 0.12–13.3 mM; sensitivity, 146.25 μA mM−1 cm−2 ). 
f Cobalt nanoparticles attached to graphene modified glassy carbon electrode (concentration linear 
range, 2.42–10.67 mM; sensitivity, 18.25 μAM−1 cm−2 ). 
g Cobalt nanoparticles attached glassy carbon electrode (concentration linear range, 2.42–11.17 
mM; sensitivity, 10.99 μAM−1 cm−2 ). 
h Cobalt hydroxide nanoparticles modified glassy carbon electrode (concentration linear range, 
0.25–10.1 mM). 
i Cellulose acetate screen-printed carbon electrode (concentration linear range, 0–2.0 mM; 
sensitivity, 9.98 μA mmol−1 ). 
j Poly (vinyl chloride)/TTF-TCNQ salt composite electrode modified with gold nanoparticles 
(concentration linear range, 1–800 μM; sensitivity 53 mA M−1 ). 
k Glassy carbon electrode modified with poly (aniline)-multi-walled carbon nanotubes 
(concentration linear ranges, 1–100 μM and 250–2.000 μM). 
l Carbon-coated nickel magnetic nanoparticles (concentration linear range, 7.8–110 μM). 
m Glassy carbon electrode modified with poly (acid yellow 9)-nano-TiO2 (concentration linear 
range, 12–120 μM). 
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4.2.4 Characterization of N-MWCNTs modified with rhodium, 
palladium, iridium, platinum, silver and gold nanoparticles. 
 
4.2.4.1 Scanning electron microscopy and transmission electron microscopy 
 
SEM images taken for N-MWCNTs modified with MNPs (M: Rh, Pd, Ir, Pt, Ag, 
and Au) reveal that the deposited MNPs dispersed homogeneously on the surface 
of N-MWCNTs without agglomeration. The modified films show quite net 
structure that is always favorable for electron transfer processes. The metal 
nanoparticles can be recognized in SEM micrographs as small bright dots 
deposited on the outer walls of carbon nanotubes (Fig.38). 
 
 
 
 
 
 
 
 
 
   
 
 
 
  
   
 
    
 
 
 
 
   
 
  
 
 
 
 
 
 
 
 
(a) (b) 
(c) (d) 
(e) (f) 
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Fig. 38 SEM micrographs for N-MWCNTs/AuNPs (a), N-MWCNTs/AgNPs (b), 
N-MWCNTs/PtNPs (c,d), N-MWCNTs/PdNPs (e,f), N-MWCNTs/IrNPs (g), N-
MWCNTs/RhNPs (h), composite films, and representative EDX spectrum 
recorded for N-MWCNTs/RhNPs (h). 
TEM analysis performed for N-MWCNTs/AuNPs confirms the homogeneously 
dispersion of nanoparticles on the tubes which still have the “bamboo structure” 
after their decoration with MNPs. EDX spectra confirms more that these 
nanoparticles consist of gold (Fig.39). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 39 TEM images for N-MWCNTs/AuNPs (a,b), EDX spectrum recorded for 
N-MWCNTs/AuNPs composite film (c). 
(h) 
(a) (b) 
(i) 
(c) 
(g) 
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4.2.4.2    Cyclic voltammetry 
 
The standard redox system [Fe(CN)6]
3-/4- (1.0 M KCl) was investigated on the 
modified films N-MWCNTs/MNPs (M: Rh, Pd, Pt, and Ag) by means of cyclic 
voltammetry. Representative CVs were recorded in the concentration range of 
0.099- 0.990 mM on N-MWCNTs/MNPs (M: Rh, Pd, Pt, and Ag), respectively 
are shown in Figs.40-43. The results show that quite symmetrical CVs were 
obtained consist of oxidation peak at about 0.32 V (vs. Ag/AgCl), and reduction 
peak occurs at about 0.24 V (vs. Ag/AgCl), corresponding to the one electron 
oxidation [Fe(CN)6]
4- to [Fe(CN)6]
3- and the inverse to reduction of [Fe(CN)6]
3- to 
[Fe(CN)6]
4- .  
 
It is remarkable that on all modified films, the redox couple tends to be reversible 
and the current response enhances with the increase of the concentration of redox 
system with slight shift to more anodic potential and more cathodic potential of 
the oxidation and reduction peaks, respectively. Consequently, the peak potential 
difference (∆Ep= Epox - Epred) increases with increasing the concentration of redox 
system. This can be attributed to the resistance of the cell which remains 
uncompensated and increases with increasing the concentration of [Fe(CN)6]
3-/4-.  
 
It must be mentioned that the oxidation and reduction peak currents remain 
constant for large number of cycles, demonstrating that there are no chemical 
reactions coupled with the electron transfer and confirming that the studied 
electro-active species are stable in the time frame of the experiment and that the 
charge-transfer process occurring on studied composite films is reversible. 
Furthermore, the peak current ratio of forward and reverse scans is equal to unity 
(within experimental error) and is independent of the scan rate applied for 
recording the CVs indicating that there are no parallel chemical reactions coupled 
to electrochemical process. The average value of oxidation and reduction 
potentials E1/2 was estimated to be stable (E1/2 = 0.280 V vs. Ag/AgCl) with the 
experimental error on all modified composite films, something which is quite 
common for reversible system. 
 
 It is very interesting to mention that the oxidation-reduction peak potential 
separation of the investigated redox system on the N-MWCNTs modified with 
PdNPs, PtNPs, and AgNPs, determined to be 0.062, 0.060 and 0.059 V 
respectively, that is within experimental error very close to the expected 
theoretical ΔEp value for Nernstian reversible system. Whereas on the N-
MWCNTs modified with RhNPs was estimated to be (ΔEp ≈ 0.078 V). However, 
this value still smaller compared to that obtained on unmodified N-MWCNTs 
0.083 V. These findings demonstrate that the kinetic of electron transfer tends to 
enhance upon modification with metal nanoparticles. A relation between the 
kinetic of the redox system and the type of the metal nanoparticles used in 
modification was also observed. 
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 The heterogeneous electron-transfer rate constants were estimated by means of 
electrochemical absolute rate relation that is based on degree of peak potential 
separation between the forward and reverse scans. As it is well known, ΔEp varies 
inversely with the heterogeneous electron-transfer rate constant (ks), and thus, 
with the kinetics of charge-transfer process occurring onto composite films. 
Namely, the highest rate for electron transfer for [Fe(CN)6]
3-/4-  exhibits the lowest 
ΔEp.  
 
In this work, it was observed that the kinetic of the redox process involving 
[Fe(CN)6]
3-/4- on the modified films tend to be improved with the following order: 
N-MWCNTs < N-MWCNTs/RhNPs < N-MWCNTs /PdNPs < N-
MWCNTs/PtNPs < N-MWCNTs/AgNPs. 
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Fig. 40 (a) CVs recorded for various concentrations of [Fe(CN)6]
3-/4- (1.0 M KCl) 
(from inner to outer: 0.099, 0.291, 0.415, 0.506, 0.712, 0.909, and 0.990 mM) on 
N-MWCNTs/RhNPs composite film at the scan rate of 0.02 V.s-1; (b) Variation of 
oxidation peak current of [Fe(CN)6]
3-/4- with its concentration in the range of 
0.099-0.990 mM. 
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Fig. 41 (a) CVs recorded for various concentrations of [Fe(CN)6]
3-/4- (1.0 M KCl) 
(from inner to outer: 0.099, 0.291, 0.506, 0.595, 0.712, 0.909, and 0.990 mM) on 
N-MWCNTs/PdNPs composite film at the scan rate of 0.02 V.s-1; (b) Variation of 
oxidation peak current of [Fe(CN)6]
3-/4- with its concentration in the range of 
0.099-0.990 mM. 
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Fig. 42  (a) CVs recorded for various concentrations of [Fe(CN)6]
3-/4- (1.0 M KCl) 
(from inner to outer: 0.099, 0.196, 0.415, 0.506, 0.595, 0.712, and 0.990 mM) on 
N-MWCNTs/PtNPs composite film at the scan rate of 0.02 V.s-1; (b) Variation of 
oxidation peak current of [Fe(CN)6]
3-/4- with its concentration in the range of 
0.099-0.990 mM. 
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Fig. 43 (a) CVs recorded for various concentrations of [Fe(CN)6]
3-/4- (1.0 M KCl) 
(from inner to outer: 0.099, 0.196, 0.415, 0.506, 0.595, 0.797, and 0.990 mM) on 
N-MWCNTs/AgNPs composite film at the scan rate of 0.02 V.s-1; (b) Variation of 
oxidation peak current of [Fe(CN)6]
3-/4- with its concentration in the range of 
0.099-0.990 mM. 
The heterogeneous electron-transfer rate constants were determined by means of 
the Nicholson equation [196]. However, this procedure the approximate values of 
ks can be determined, because this equation is limited to the planar diffusion flat 
electrode, and our fabricated electrode have porous structure and rough surface, as 
well as, the cell resistance which stay uncompensated and affect consequently the 
potential peak difference ΔEp. For this reason, we have calculate it in another 
method depending on the data extracted from impedance spectroscopy. 
 
 The estimated electrochemical parameters extracted for the interpretation of 
recorded CVs are presented in Table 7. To compare the determined values of ks on 
the different type of modified films, the results were presented graphically in 
histogram shown in Fig.44b. It is obvious that the highest electron transfer rate 
was obtained on the N-MWCNTs modified with silver nanoparticles. Namely, the 
rate for electron transfer of [Fe(CN)6]
3-/4- on various composite films increases 
with the order :N-MWCNTs < N-MWCNTs/RhNPs < N-MWCNTs/PdNPs < N- 
MWCNTs/PtNPs < N-MW CNTs/AgNPs. 
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Table 7 Parameters extracted from CVs and EIS for N-MWCNTs/MNPs (M: Rh, 
Pd, Pt, and Ag) composite films towards [Fe(CN)6]
3-/4- (1.0 M KCl).  
 
Parameters 
N-MWCNTs/MNPs 
RhNPs PdNPs PtNPs AgNPs 
Ep ox (V)a 0.319 0.311 0.310 0.309 
Ep red (V)a  0.241 0.249 0.250 0.250 
E1/2 (V)b  0.280 0.280 0.280 0.280 
Δ Ep (V)    0.078 0.062 0.060 0.059 
A (cm2)  5.56 6.10 6.37 6.96 
Ip ox (µA cm-2)  65 78 90 101 
Ip ox/ip red   1.00 1.01 0.98 1.00 
ks (10-2 cm s-1)c   0.77 3.61 4.49 5.03 
ks (10-2 cm s-1)d  1.41 3.04 4.22 6.98 
Rct (Ω)e  43 12 10 2 
LOD (lM)f  0.232 0.185 0.157 0.138 
S (A M-1 cm-2)  0.603 0.696 0.766 0.836 
 
 
a  All potentials are reported with respect the Ag/AgCl (KCl sat.) reference electrode. 
b The E1/2 values were determined as the average values of Ep ox and Ep red. 
c The ks values were determined from electrochemical absolute rate relation: 
Ψ=(Do/DR)a/2ks(nᴫFvDo/RT)-1/2, where Ψ is kinetic parameter, a the charge-transfer coefficient (a ≈ 
0.5), Do, DR the diffusion coefficients of oxidized and reduced species, respectively (Do ≈ DR), and 
n the number of electrons involved in the redox reaction (n = 1) [196] 
d The ks values were determined from EIS parameters according to relation: Rct = RT/n2F2Aksc, 
where Rct is the charge-transfer resistance, A the active surface area, and c the concentration of 
redox system [198] 
e The EIS parameters were determined using the equivalent electrical circuit (Rs + (Cdl/(Rct +Zw))) 
(software Thales, version 4.15). 
f The detection limits were estimated on the basis of signal-to-noise (S/N) ratio of 3 by means of 
CV technique. 
 
 
The findings demonstrate that the electrochemical response of the fabricated films 
enhances obviously upon modification with metal nanoparticles. The ks values of 
[Fe(CN)6]
3-/4- estimated in the present work on N-MWCNTs/MNPs composite 
films appear to be significantly greater (in some cases up to 15 times greater) 
compared to those reported in literature for the same redox system on either bare 
gold (ks ≈ 0.26×10-2 cm s-1) or modified gold electrode (ks ≈ 0.29×10-2 cm s-1) 
[228]. 
 
Furthermore, the electrochemical current response of modified N-
MWCNTs/MNPs films towards [Fe(CN)6]
3-/4- is also improved. For comparison 
reason, the response of one concentration of the investigated system was 
compared on the unmodified N-MWCNTs films and modified films with various 
nanoparticles (Fig.46). As it can be seen, an improvement in the current density 
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occurs with the modification, which confirms the important role of the 
nanoparticles in facilitating the redox process and increasing the conductivity of 
the films. The anodic current density of [Fe(CN)6]
3-/4- redox system onto 
unmodified and modified with metal nanoparticles N-MWCNTs films is 
presented graphically in histogram in (Fig.44a). 
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Fig. 44 Histograms showing the oxidation current density (a) and the 
heterogeneous electron-transfer rate constant (b) of 0.990 mM [Fe(CN)6]
3-/4- (1.0 
M KCl) on N-MWCNTs (symbolized in diagram as CNT) and N-
MWCNTs/MNPs (M: Rh, Pd, Pt, and Ag) composite films (symbolized in 
diagram as Rh, Pd, Pt, and Ag). 
 The results indicate once more that this improvement depends strongly on the 
type of the metal nanoparticles. Namely, with the modification of N-MWCNTs 
films with RhNPs an increase of about 33 % is observed in anodic current density 
compared to unmodified films. A modification of the N-MWCNTs films with 
PdNPs results to an improvement of anodic current density of about 59 %, while 
the decoration of N-MWCNTs with PtNPs leads to an enhancement of oxidation 
peak current density of about 84 %. Finally, upon modification of N-MWCNTs 
film with AgNPs an improvement of the oxidation current density of about 106 % 
occurs. 
 
It was also remarkable that the active surface area of the modified electrode is 
higher than the active surface area of unmodified electrode, something that is 
related to the nanoparticles which decorate the surface of the N-MWCNTs and 
probably increase the defects and consequently increase the active surface area. 
In order to estimate the lower limit of detection and the sensitivity of the 
synthesized modified films, the current density response of the films towards 
[Fe(CN)6]
3-/4- were investigated in large concentration range of 0.099–0.990 mM. 
The determined values of the detection limit and sensitivity are included in 
Table.7, and are presented graphically in Fig.45. 
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Fig. 45 Histograms showing the lower limit of detection (a) and the sensitivity (b) 
of N-MWCNTs (symbolized in diagram as CNT) and N-MWCNTs/MNPs (M: 
Rh, Pd, Pt, and Ag) composite films (symbolized in diagram as Rh, Pd, Pt, and 
Ag) towards [Fe(CN)6]
3-/4- (1.0 M KCl). 
 
An improvement in the detection capability of the N-MWCNTs films occurs with 
their modification with metal nanoparticles. The capability of MNPs to enhance 
the film’s electrocatalytic activity increases with the following order: N-
MWCNTs < N-MWCNTs/RhNPs < N-MWCNTs/PdNPs < N-MWCNTs/PtNPs < 
N-MWCNTs/AgNPs. Specifically, upon modification of N-MWCNTs with 
RhNPs, PdNPs, PtNPs, and AgNPs an improvement of film’s detection capability 
of about 32, 46, 54 and 60 %, respectively, occurs. Furthermore, it can be seen 
that the sensitivity of the N-MWCNTs films enhances for about 29, 50, 65 and 80 
%, with its modification with PdNPs, PtNPs, and AgNPs, respectively. It must be 
mentioned that the electrochemical response of N-MWCNTs modified with IrNPs 
(2.7 nm) and AuNPs (12.5 nm) toward the redox system [Fe(CN)6]
3-/4-  was 
already reported in literature [229]. An improvement in the electrode 
electrochemical response as well as the kinetic of electron transfer was observed. 
The detection limit and sensitivity values of 0.170 µM, 0.75 A M-1 cm-2 and 0.130 
µM, 0.886 A M-1 cm-2 on N-MWCNTs/IrNPs, N-MWCNTs/AuNPs, respectively, 
were estimated. 
 
Furthermore, CVs for single concentration of [Fe(CN)6]
3-/4- (0.990 mM) onto 
unmodified N-MWCNTs and modified N-MWCNTs/MNPs (M: Rh, Pd, Pt, and 
Ag) films are presented in Fig.46. It is obvious that the current response of 
modified films towards the oxidation of redox system is higher than those on 
unmodified film measured under the same conditions. 
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Fig. 46 CVs recorded for  0.990 mM [Fe(CN)6]3-/4- (1.0 M KCl) on N-
MWCNTs/RhNPs (a), N-MWCNTs/PdNPs (b), N-MWCNTs/PtNPs (c), N-
MWCNTs/AgNPs (d) composite films at the scan rate of 0.02 V s-1. For 
comparison reasons the CVs recorded for 0.990 mM [Fe(CN)6]
3-/4- (1.0 M KCl) on 
N-MWCNTs composite film (dashed line) are also included. 
 
It would be interesting to compare the limits of detection of N-MWCNTs/MNPs 
(M: Rh, Pd, Pt, and Ag) towards [Fe(CN)6]
3-/4- with those reported in literature for 
other novel composite films. The comparison demonstrates that the 
MWCNTs/MNPs films exhibit greater detection ability (lower detection limit) 
towards [Fe(CN)6]
3-/4- compared to other novel electrodes reported in literature. 
For instance, electrode modified with 1-butyl-4-methylpyridinium 
tetrafluoroborate towards [Fe(CN)6]
3-/4- [230] seems to be significantly poorer 
compared to that obtained on our N-MWCNTs/MNPs films. In addition, the 
detection limit of 100 µM reported for carbon paste electrode modified with 
sodium dodecyl sulphate towards [Fe(CN)6]
3-/4- [231] is likewise considerably 
poorer compared to that measured on our N-MWCNTs/MNPs. Furthermore, the 
detection limit of 30 µM reported for glass capillary ultra-microelectrode towards 
[Fe(CN)6]
3-/4- [232] seems to be noticeably poorer compared to that measured on 
our novel N-MWCNTs/MNPs. Besides, the detection limit of glassy carbon 
electrode modified with titan dioxide and MWCNTs towards [Fe(CN)6]
3-/4- was 
reported as 48.6 and 1.10 µM [233], which appears to be also significantly poorer 
compared to that measured on our N-MWCNTs/MNPs. From this comparison, it 
can be clearly seen that the detection capability of N-MWCNTs/ MNPs (M: Rh, 
Pd, Pt, and Ag) films appears to be obviously better compared to other composite 
films reported in literature. These results demonstrate the excellent response of N-
MWCNTs-based films ‘‘decorated’’ with metal nanoparticles. 
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4.2.4.3 Impedance spectroscopy 
 
In order to estimate the barrier for electron transfer occurring on N-
MWCNTs/MNPs (M: Rh, Pd, Pt, and Ag) films, electrochemical impedance 
spectra were recorded for Fe(CN)6]
3-/4- (1.0 M KCl) in the investigated 
concentration range of 0.099–0.990 mM. 
 
EIS spectra recorded on N-MWCNTs/MNPs (M: Rh, Pd, Pt, and Ag) films 
(presented as Nyquist plots), are shown in Figs 47-50, respectively. The EIS 
spectra were recorded at the half-wave potential of [Fe(CN)6]
3-/4- (+0.280 V vs. 
Ag/AgCl). 
 
As it can be seen, the spectra include a part of depressed semicircle followed by a 
straight line. The depressed semicircle, observed at higher frequencies (it is 
almost not observable), corresponds to the electron-transfer limited process, 
whereas the linear part that can be seen in lower frequencies represents the 
diffusion limited electron-transfer process.  
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Fig. 47 (a) EIS spectra recorded for various concentrations of [Fe(CN)6]
3-/4- (1.0 
M KCl) on N-MWCNTs/RhNPs composite film at the frequency range from 0.1 
Hz to 100 kHz. The symbols are denoted as follows: 0.099 mM (open square); 
0.196 mM (open circle); 0.291 mM (open upward triangle); 0.415 mM (open 
downward triangle); 0.595 mM (star); 0.797 mM (plus symbol); 0.990 mM (X 
symbol); (b) Variation of charge transfer resistance of [Fe(CN)6]
3-/4- with its 
concentration in the range of 0.099-0.990 mM 
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Fig. 48 (a) EIS spectra recorded for various concentrations of [Fe(CN)6]
3-/4- (1.0 
M KCl) on N-MWCNTs/PdNPs composite film at the frequency range from 0.1 
Hz to 100 kHz. The symbols are denoted as follows: 0.099 mM (open square); 
0.291 mM (open circle); 0.415 mM (open upward triangle); 0.506 mM (open 
downward triangle); 0.595 mM (star); 0.797 mM (plus symbol); 0.990 mM (X 
symbol); (b) Variation of charge transfer resistance of [Fe(CN)6]
3-/4- with its 
concentration in the range of 0.099-0.990 mM. 
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Fig. 49 (a) EIS spectra recorded for various concentrations of [Fe(CN)6]
3-/4- (1.0 
M KCl) on N-MWCNTs/PtNPs composite film at the frequency range from 0.1 
Hz to 100 kHz. The symbols are denoted as follows: 0.099 mM (open square); 
0.196 mM (open circle); 0.291 mM (open upward triangle); 0.415 mM (open 
downward triangle); 0.506 mM (star); 0.712 mM (plus symbol); 0.990 mM (X 
symbol); (b) Variation of charge transfer resistance of [Fe(CN)6]
3-/4- with its 
concentration in the range of 0.099-0.990 mM 
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Fig. 50 (a) EIS spectra recorded for various concentrations of [Fe(CN)6]
3-/4- (1.0 
M KCl) on N-MWCNTs/AgNPs composite film at the frequency range from 0.1 
Hz to 100 kHz. The symbols are denoted as follows: 0.099 mM (open square); 
0.196 mM (open circle); 0.415 mM (open upward triangle); 0.506 mM (open 
downward triangle); 0.595 mM (star); 0.797 mM (plus symbol); 0.990 mM (X 
symbol); (b) Variation of charge transfer resistance of [Fe(CN)6]
3-/4- with its 
concentration in the range of 0.099-0.990 mM. 
It is well known that in case of very fast electron-transfer process, the EIS 
spectrum includes only the linear part, whereas very slow electron-transfer 
procedure results to semicircle with a great diameter that is not accompanied by a 
straight line. The recorded EIS spectra on N-MWCNTs/MNPs show that the 
linear part prevails over the semicircle, demonstrating that the electron transfer 
process on this film is quite fast (reversible Nernstian process). However, on 
unmodified N-MWCNTs films, an obvious semicircle can be recognized in high-
frequency region of the spectrum demonstrating that a limited electron-transfer 
process takes place onto this particular electrode (Fig.51).  
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Fig. 51 (a) EIS spectra recorded for various concentrations of [Fe(CN)6]
3-/4- (1.0 
M KCl) on N-MWCNTs composite film at the frequency range from 0.1 Hz to 
100 kHz. The symbols are denoted as follows: 0.099 mM (open square); 0.196 
mM (open circle); 0.291 mM (open upward triangle); 0.415 mM (open downward 
triangle); 0.595 mM (star); 0.797 mM (plus symbol); 0.990 mM (X symbol); (b) 
Variation of charge transfer resistance of [Fe(CN)6]
3-/4- with its concentration in 
the range of 0.099-0.990 mM. 
 
The recorded EIS spectra were simulated using the electrical circuit (Rs+ (Cdl/(Rct 
+ Zw) (Fig.52). The circuit’s elements were already explained in (4.1.2.2). 
 
 
Fig. 52 Equivalent electrical circuit model (Rs+(Cdl/Rct+Zw)) used for the 
simulation of electrochemical impedance spectra recorded for [Fe(CN)6]
3-/4- (1.0 
M KCl) on N-MWCNTs/MNPs (M: Rh, Pd, Pt, and Ag) composite films. 
 
For comparison reasons, the EIS spectra recorded for 0.990 mM [Fe(CN)6]
3-/4- 
(1.0 M KCl) on N-MWCNTs composite film are showed and included in EIS 
spectra recorded for 0.990 mM [Fe(CN)6]
3-/4- (1.0 M KCl) on N-
MWCNTs/RhNPs, N-MWCNTs/PdNPs, N-MWCNTs/PtNPs, and N-
MWCNTs/AgNPs, respectively (Fig.53). 
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Fig. 53 EIS spectra recorded for 0.990 mM [Fe(CN)6]
3-/4- (1.0 M KCl) on N-
MWCNTs/RhNPs (a) (open square), N-MWCNTs/PdNPs (b) (open square), N-
MWCNTs/PtNPs (c) (open square), and N-MWCNTs/AgNPs (d) (open square) 
composite films. The EIS spectra recorded for 0.990 mM [Fe(CN)6]
3-/4- (1.0 M 
KCl) on N-MWCNTs (open circle) composite are also included. 
 
 
The obtained results demonstrate that the charge-transfer resistance increases 
slightly with the rise of the concentration of electro-active substance. This 
observation that is more obvious on unmodified N-MWCNTs can be connected to 
the interruption of the electron-transfer process caused by the uncompensated 
resistance effect, which becomes more significant with increasing the 
concentration of redox system. The values of charge transfer resistance are 
included in Table.7. 
 
The findings clearly demonstrate that with the modification of N-MWCNTs films 
with metal nanoparticles the charge-transfer resistance decreases indicating faster 
interfacial electron transfer onto modified with MNPs films compared to 
unmodified N-MWCNTs film. It is very interesting to mention that the Rct 
decreases for about 26, 79, 83 and 97 % upon modification of the N-MWCNTs 
films with RhNPs, PdNPs, PtNPs, and AgNPs, respectively, demonstrating that 
the metal nanoparticles promote the electron transfer between the analyte and the 
electrode surface due to the smaller electron-transfer barrier introduced with the 
modification of N-MWCNTs with metal nanoparticles. Namely, the Rct decreases 
with the following order: N-MWCNTs > N-MWCNTs/RhNPs > N-
MWCNTs/PdNPs > N-MWCNTs/ PtNPs > N-MWCNTs/AgNPs. 
 
The ks values of [Fe(CN)6]
3-/4- redox system on N-MWCNTs/MNPs composite 
films were once more estimated from the impedance parameters.  The values are 
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included in Table 7. As was expected, the determined values of ks by means of 
EIS technique differ somewhat from those approximated by means of 
electrochemical absolute rate relation (due to the reasons explained in (4.1.2.2)). 
However, the variation of ks with the type of metal nanoparticles has the same 
trend and thus the results in absolute accordance with the extracted CV results. 
The greatest ks value was obtained on the N-MWCNTs/AgNPs to be 6.98×10
-2 
cm.s-1, indicating the faster kinetic of electron transfer on this particular film. It is 
interesting to mention that on N-MWCNTs/AuNPs, the ks was estimated to be 
8.0×10-2 cm.s-1 [233], which illustrate even faster kinetic and less barrier for 
electron transfer upon modification with AuNPs. 
 
A comparison of our results with literature was made. For instance, Li and Chen 
[234] reported for [Fe(CN)6]
3-/4- (PBS, pH 7.0) on bare glassy carbon electrode a 
charge-transfer resistance of 1.91 kΩ that is greater compared to that obtained in 
the present work on either unmodified N-MWCNTs or modified N-
MWCNTs/MNPs. Wang et al.[235] studied the impedance behavior of 
[Fe(CN)6]
3-/4- (0.1 M KCl) on conventional gold electrode modified with colloidal 
gold particles. These authors reported for this composite electrode a charge-
transfer resistance of Rct = 1.24 kΩ that appears to be significantly greater 
compared to the charge-transfer resistance estimated in the present work. 
Furthermore, Zhang and Oyama [236] probed their nanostructured indium tin 
oxide film modified with gold nanoparticles towards [Fe(CN)6]
3-/4- (0.1 M PBS, 
pH 7.0) and reported charge-transfer resistance values lying in the range from 
13.46 to 29.22 kΩ, which are considerably greater compared to those estimated in 
present work for the same redox system on N-MWCNTs/MNPs composite films. 
This comparison demonstrates that the barrier for electron transfer on N-
MWCNTs/ MNPs (M: Rh, Pd, Pt, and Ag) appears to be significantly smaller 
compared to that on other electrodes reported in literature. 
  
 
4.2.5 Application of N-MWCNTs/MNPs in Bioanalysis 
 
4.2.5.1 Electrochemical oxidation of acetaminophen and N-acetylcysteine on 
N-MWCNTs/PtNPs 
 
A novel composite films consist of N-MWCNTs decorated with PtNPs (3 nm) 
were fabricated and applied for electrochemical analysis of acetaminophen (AC) 
and N-acetylcysteine (NAC) in phosphate buffer solution (pH 7.0). For 
comparison reasons, electrochemical studies on conventional platinum (Pt) 
electrode were also carried out. 
 
The CV of various concentrations of AC was recorded on platinum electrode by 
means of cyclic voltammetry (Fig.54a). As it can be seen, AC is electrochemically 
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active, and therefore, it can be easily oxidized at relatively low anodic potential 
(+0.525 V vs. Ag/AgCl). A slight shift in the oxidation potential to more positive 
potential was found with increasing the concentration of AC, resulting to the 
increase of the peak potential separation ∆Ep= Epox - Epred  . It is well known that 
the slow electron transfer is independent on the concentration, whereas the effect 
of uncompensated resistance dependents on concentration. Namely, this slight 
shift can be attributed to the cell resistance that remains uncompensated. It is 
interesting that a high value of ΔEp ≈ 0.473 V was measured in the small 
concentration of AC (c < 0.2 mM), where the uncompensated resistance effect 
seems to be negligible. This value is higher than the theoretical ΔEp value 
indicating that the electrochemical oxidation of AC is rather irreversible on Pt 
electrode [237]. Once more the current ratio values of oxidation and reduction 
peaks were much less than unity (~0.46), demonstrating the irreversibility of 
investigated redox system.  
 
The effect of the variation of concentration of AC on anodic peak current of 
recorded CV-curves is displayed graphically in Fig.54b. It can be seen that the 
variation is not linear in the whole investigated concentration range. Two different 
linears with two different slopes were obtained in ranges of 0.166–0.819 mM and 
0.819–1.61 mM, namely, it was remarkable that for concentrations of AC greater 
than ~ 0.9 mM the increase of oxidation current with AC concentration slightly 
slows down and the slope of the calibration curve decreases. The values of the 
limit of detection and sensitivity were determined from the first linear part 0.166–
0.819 mM (with correlation coefficient of 0.9887) to be 7.0 μM, and 0.4011 A·M-
1·cm-2, respectively. 
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Fig. 54 (a) Representative CVs recorded for various concentrations of AC on 
conventional Pt electrode (PBS, pH 7.0) at 0.02 V.s-1 (from inner to outer: 0.495, 
0.657, 0.980, and 1.29 mM); (b) Variation of oxidation peak current density of 
AC with its concentration in the studied concentration range of 0.166-1.61 mM. 
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NAC was also investigated on conventional platinum electrode. CVs recorded for 
different concentrations of NAC in the range of 0.196–1.60 mM at the scan rate of 
0.05 V. s−1 are shown in Fig.55a. NAC can be electrochemically oxidized to 
disulphide, N, N-diacetylcystine [238]. As it can be seen, NAC oxidized at about 
+0.785 V (vs. Ag/AgCl) for c = 0.196 mM, namely at about 230 mV more 
positive potential than AC. Besides, slight deviation of the peak oxidation to more 
positive potential with increasing the concentration of NAC was observed, as like 
in the case of AC. Namely, the oxidation peak of NAC lying at about +0.785 V 
(vs. Ag/AgCl) at c=0.196 mM shifts to the more positive potential of +0.808 V 
(vs. Ag/AgCl) with the increase of the concentration up to c=1.60 mM (an 
increase of overpotential of about ~23 mV occurs).  
 
The value of peak potential separation was also estimated to be in the range of 
0.742– 0.788 V, which seem to be greater than those determined for AC. It can be, 
consequently, concluded that the kinetic of electrochemical oxidation of NAC is 
slower compared to the oxidation of AC on Pt electrode. In addition, the 
electrode’s current response towards AC is somehow higher compared to NAC. 
As a result, it can be concluded that the Pt electrode is somehow more sensitive 
towards oxidation of AC. From the current-concentration dependence which 
presented graphically in Fig.55b, a linear relationship (with correlation coefficient 
of 0.9989) in the whole investigated range can be observed. The detection limit 
and the sensitivity were determined to be 20 µM, and 0.1368 A·M−1 ·cm−2, 
respectively. 
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Fig. 55 (a) Representative CVs recorded for various concentrations of NAC on 
conventional Pt electrode (PBS, pH 7.0) at 0.05 V.s-1 (from inner to outer: 0.566, 
0.740, 0.909, and 1.07 mM); (b) Variation of oxidation peak current density of 
NAC with its concentration in the studied concentration range of 0.196-1.60 mM. 
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The electrochemical behavior of AC and NAC onto Pt electrode in PBS (pH 7.0) 
was investigated by means of impedance spectroscopy. Nyquist plots for different 
concentrations of AC in the range of 0.331–1.14 mM, and also for NAC in the 
range of 0.740–1.37 mM were recorded (Fig.56). 
 
As it can be seen from recorded spectra, the impedance is mainly controlled by 
the interfacial electron transfer in the whole investigated frequency range. 
The estimated value of Rct decreases with increasing the concentration of AC and 
NAC, which demonstrate that the barrier for electron transfer slightly decreases, 
and consequently the charge transfer rate increases. It is interesting to compare the 
Rct values for the oxidation of AC and NAC on Pt electrode at the same condition. 
For instance, the charge transfer resistance of ∼11 kΩ estimated for AC (c = 0.331 
mM) appear to be about 9 times smaller compared to the charge transfer resistance 
of ∼98 kΩ estimated for NAC (c = 0.566 mM). These findings explain that the 
barrier for oxidation of AC on Pt electrode is smaller compared to that of NAC, 
demonstrating the greater electrode’s response towards oxidation of AC. 
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Fig. 56 (a) Representative EIS spectra recorded for 0.331 mM (open square), 
0.495 mM (open circle), 0.657 mM (open upward triangle), and 1.14 mM (open 
downward triangle) AC on conventional Pt electrode (PBS, pH 7.0); (b) 
Representative EIS spectra recorded for 0.740 mM (open square), 0.909 mM 
(open circle), 1.07 mM (open upward triangle), and 1.37 mM (open downward 
triangle) NAC on conventional Pt electrode (PBS, pH 7.0).  
 
The electrochemical oxidation of AC and NAC was studied on novel thin N-
MWCNTs/PtNPs film (PtNPs: 3 nm) in aqueous PBS (pH 7.0). Representative 
CVs recorded at 0.02 V.S-1 are presented in Figs 57a, 58a, respectively.  
As it can be seen, AC oxidized at about 0.441 V (vs. Ag/AgCl), which is about 84 
mV less anodic compared to that on conventional Pt electrode (+0.525 V vs. 
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Ag/AgCl) and almost similar within experimental error to oxidation potential of 
AC obtained on unmodified N-MWCNTs film in this work (+0.440 V vs. 
Ag/AgCl). It was also observed that the oxidation potential is shifted to more 
positive potential with the increase of AC concentration. This can be related to the 
cell’s resistance which remains uncompensated. The ΔEp value for AC was 
estimated  for the lowest studied concentration of 0.166 mM, (where the 
uncompensated resistance has minimum effect) to be (0.160 V), indicating that 
the redox processes taking place onto N-MWCNTs/PtNPs film can be considered 
as quasi-reversible (in contrast to those occurring on conventional Pt electrode 
that were characterized as irreversible). 
 
 The variation of anodic peak current with the concentration of AC is displayed 
graphically in (Fig.57b). As it can be seen, the variation of the oxidation current of 
AC with its concentration was not linear in the whole investigated concentration 
range of 0.166–1.61 mM. Namely, as was already observed for the oxidation of 
AC onto Pt electrode, two dissimilar concentration-current linear dependences 
having different slopes in concentration ranges of 0.166–0.819 mM and 0.819–
1.61 mM, were recognized. 
 
The film’s detection limit and sensitivity towards oxidation of AC were estimated 
by means of linear concentration-current curve in concentration range of 0.166–
0.819 mM (with correlation coefficient of 0.9950) to be 0.395 µM and 0.9890 
A.M−1 .cm−2 , respectively. 
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Fig. 57 (a) Representative CVs recorded for various concentrations of AC on N-
MWCNTs/PtNPs film (PBS, pH 7.0) at 0.02 V.s-1 (from inner to outer: 0.166, 
0.331, 0.495, and 0.657 mM); (b) Variation of oxidation peak current density of 
AC with its concentration in the studied concentration range of 0.166-1.61 mM. 
 
Furthermore, as it can be seen in CVs shown in Fig.58a, NAC oxidized on N-
MWCNTs/PtNPs and its oxidation peak lies at about +0.199 V (vs. Ag/AgCl) at c 
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=0.196 mM, which is clearly less positive (namely about 586 mV less anodic) 
compared to that measured for NAC on conventional Pt electrode for the same 
concentration (+0.785 V vs. Ag/AgCl; c = 0.196 mM). These results verify the 
strong electrocatalytic activity of electrodes consisting of carbon nanomaterials 
modified with metal nanoparticles. A shift of oxidation peak to more positive 
values with the increase of concentration occurs also for NAC, as like in the case 
of AC, due to the uncompensated resistance effect. The ΔEp values for NAC 
(0.328 V) estimated for the lowest studied concentrations of 0.196 mM, appear to 
be significantly smaller compared to those obtained on conventional Pt electrode 
(under the same conditions) indicating that the redox processes taking place onto 
N-MWCNTs/PtNPs film can be considered as quasi-reversible. 
 
In addition, the estimated ΔEp value for NAC (0.328 V) appears to be two times 
greater compared to that determined for AC (0.160 V) indicating that the kinetic 
of electrochemical oxidation of NAC on N-MWCNTs/PtNPs is rather slower 
compared to that of AC (similar behavior was observed on Pt electrode). 
Furthermore, the film’s current response towards oxidation of AC appears to be 
somehow greater compared to that for NAC. Namely, the oxidation peak current 
density of about 1141 µA · cm−2 measured for AC (c = 1.61 mM) on N-
MWCNT/PtNPs film appears to be more than four times greater from that 
measured for NAC (c = 1.60 mM) on the same electrode (252 µA · cm−2).  
Anyhow, the current response of N-MWCNTs/PtNPs for both compounds appears 
to be significantly greater compared to that of conventional Pt electrode. 
 
The relationship between the current response and concentration was linear in the 
concentration range of 0.196–1.60 mM (with correlation coefficient of 0.9880) 
(Fig.58b). The limit of detection and sensitivity of N-MWCNTs/PtNPs film 
towards oxidation of NAC were estimated to be 10 µM and 0.1740 A · M−1· cm−2, 
respectively. The detection ability of N-MWCNTs/PtNPs film towards NAC 
seems to be weaker compared to AC, something that is in absolute accordance 
with the different current responses observed for studied biomolecules. 
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Fig. 58 (a) Representative CVs recorded for various concentrations of NAC on N-
MWCNTs/PtNPs film (PBS, pH 7.0) at 0.02 V.s-1 (from inner to outer: 0.196, 
0.740, 1.07, and 1.60 mM); (b) Variation of oxidation peak current density of 
NAC with its concentration in the studied concentration range of 0.196-1.60 mM. 
It was remarkable that on N-MWCNTs/PtNPs, the peak potential separation 
between AC and NAC was about 250 mV, demonstrating the ability to analyze 
AC and NAC in a single experiment. Consequently two well separated peaks were 
observed for AC and NAC on N-MWCNTs/PtNPs permitting the simultaneous 
determination of both biomolecules (Fig.59a). It is interesting to mention that on 
Pt electrode a single peak for both AC and NAC was observed (Fig.59b). 
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 Fig. 59 CVs recorded for AC and NAC binary mixtures (NAC: 1.60 mM; AC: 
0.495 mM) on either N-MWCNTs/PtNPs film (a) or conventional Pt electrode (b) 
at 0.02 V.s-1 (PBS, pH 7.0). 
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A comparison of detection limits and sensitivities obtained in present work for 
conventional Pt electrode and N-MWCNTs/PtNPs film towards AC and NAC 
(PBS, pH 7.0) with those reported in literature for other novel electrodes is shown 
in Table 8. 
  
Table 8 The comparison of limits of detection (LOD) and sensitivities (S) 
obtained in the present work for conventional Pt electrode and N-
MWCNTs/PtNPs film towards AC and NAC (PBS, pH 7.0) with literature values. 
 
Electrode 
LOD/µM S/A ·M−1 ·cm−2 
References 
AC NAC AC NAC 
Pta  7.0 20.0 0.4011 0.1368 This work 
N-MWCNTs/PtNPsa  0.395 10.0 0.9890 0.1740 This work 
N-MWCNTsb  0.485  0.8406  This work 
MWCNTsb  0.950  0.6010  This work 
CPE/Gc  0.60  0.2820  [239] 
CFEd  1.50  0.1800  [240] 
GCE/G/Nde  14.22  0.5310  [241] 
GCEf  19.85    [242] 
GC/TiO2g 2.0    [227] 
GC/Cu/TTCAh  5.0    [243] 
VCPEi  88.0    [244] 
PGE/MIPj  0.79    [209] 
CP/CNTk  1.10    [245] 
MWCNTs/FCl   0.60   [246] 
MWCNTs/PE/DNBm  10.0 0.20   [217] 
CP/MWCNTs/EFCn   0.08   [247] 
CP/SiCuNPo  41.8  0.0302 [248] 
CP/CuHCFp   63.0   [249] 
 
a Pt and N-MWCNTs/PtNPs electrodes used in present work  
b Pristine MWCNTs- and N-MWCNTs-based films used in this work 
c Carbon paste electrode modified with grapheme 
d Carbon fiber electrode modified with electro-copolymerization of ophenylenediamine and 
aniline 
e Glassy carbon electrode modified with grapheme oxide and neodymium hexacyanoferrate 
f Glassy carbon electrode 
g Glassy carbon electrode modified with TiO2 nanoparticles 
h Glassy carbon electrode modified with copper ions/terthiophene carboxylic acid polymer 
I Vaseline carbon paste electrode modified with avocado tissue (Persea americana) 
j Pencil graphite electrode modified with molecularly imprinted polypyrrole 
k Carbon paste electrode modified with carbon nanotubes and poly(3-aminophenol) 
l MWCNTs paste electrode modified with ferrocene 
m MWCNTs paste electrode modified with N-(3,4-dihydroxyphenethyl)-3,5-dinitrobenzamide 
n Carbon paste electrode modified with MWCNTs and ethynylferrocene 
o Carbon paste electrode modified with copper nitroprusside adsorbed on 3-Aminopropylsilica 
p Carbon paste electrode modified with copper(II) hexacyanoferrate(III) 
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The comparison exhibits that in general the detection ability and sensitivity of 
novel N-MWCNTs/PtNPs is quite enhanced. It is very interesting that the 
modification of N-MWCNTs with PtNPs leads to an improvement of its detection 
ability towards oxidation of AC. Namely, as it can be observed from the values 
reported in Table 8, the detection limit of N-MWCNTs/PtNPs appears to be about 
19% smaller compared to that of unmodified N-MWCNTs. Furthermore, the 
sensitivity of N-MWCNTs/PtNPs towards AC seems to be about 18% greater 
compared to that of unmodified N-MWCNTs. The findings exhibit that the 
fabricated N-MWCNTs/PtNPs film decreases the overpotentials and improves the 
kinetics for oxidation of studied compounds. The investigated biomolecules can 
be also successfully oxidized on N-MWCNTs/PtNPs and can be analyzed in a 
single experiment. 
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Fig. 60 (a) Representative EIS spectra recorded for 0.495 mM (open square), 
0.819 mM (open circle), 1.14 mM (open upward triangle), and 1.29 mM (open 
downward triangle) AC on N-MWCNTs/PtNPs film; (b) EIS spectra recorded for 
0.566 mM (open square), 0.740 mM (open circle), 1.07 mM (open upward 
triangle), and 1.37 mM (open downward triangle) NAC on N-MWCNTs/PtNPs 
film. 
 
EIS spectra  for various concentrations of AC and NAC in the range of 0.495-1.29 
mM and 0.566-1.37 mM, respectively, were recorded in (PBS, pH 7.0) on the 
modified N-MWCNTs/PtNPs (Fig.60). The observed results indicate that the 
charge transfer resistance gradually decreases (slightly) with the increase of 
concentration of redox compounds, demonstrating that the barrier for electron 
transfer slightly decreases, and thus, the charge transfer rate of redox processes 
increases with increasing concentration of AC and NAC. Once more, it is 
remarkable that the Rct values for the oxidation of either AC or NAC on N-
MWCNTs/PtNPs film appear to be significantly smaller compared to those 
measured onto conventional Pt electrode for the same redox systems under the 
same conditions. For example, the Rct values of 0.044 kΩ and 0.095 kΩ estimated 
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for AC (1.61 mM) and NAC (1.60 mM), respectively, on N-MWCNTs/PtNPs 
film seem to be considerably smaller (more than 90% smaller) from those 
obtained on conventional Pt electrode. 
 
4.2.5.2 Electrochemical detection of AA, DA, and UA on N-MWCNTs/MNPs 
(M: Rh, Pd, Ir, Pt, and Au)  
 
The electrochemical response of N-MWCNTs/MNPs (M: Rh, Pd, Ir, Pt, Au) 
composite films, towards simultaneous oxidation of (AA), (DA), and (UA) was 
investigated in (PBS, pH 7.0) by means of cyclic voltammetry technique (CV). 
The electrochemical oxidation of AA, DA, and UA takes place according to the 
following reactions (Fig. 61). 
 
 
                     
 
                     
 
 
                             
 
 
Fig. 61 Electrochemical oxidation of (a) AA (b) DA, and (c) UA on N-
MWCNTs/MNPs composite films [250- 252]. 
 
Firstly, the oxidation of DA in the presence of AA and UA was studied on 
unmodified N-MWCNTs and modified N-MWCNTs/MNPs composite films. For 
this purpose, CVs were recorded by varying the concentration of DA in the range 
from 0.012 to 0.322 mM while keeping the concentration of AA (0.5 mM) and 
UA (0.1 mM) constant. It must be mentioned that the concentration of AA was 
higher from those of DA and UA due to the limited sensitivity of composite films 
towards oxidation of AA.  CVs recorded for the ternary mixtures AA, DA, and 
UA are presented in Fig.62.  
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Fig. 62 CVs recorded for different concentrations of DA (in the range of 0.012-
0.322 mM) in the presence of AA (0.5 mM) and UA (0.1 mM) in phosphate 
buffer solution (pH 7.0) at the scan rate of 0.02 V·s-1 on N-MWCNTs (a), N-
MWCNTs/RhNPs (b), N-MWCNTs/PdNPs (c), N-MWCNTs/IrNPs (d), N-
MWCNTs/PtNPs (e), and MWCNTs/AuNPs (f) composite films. The potentials 
are reported versus Ag/AgCl (saturated KCl) reference electrode. 
 
As it can be seen, the three obtained oxidation peaks corresponding to oxidation 
of AA, DA, and UA are well separated. The oxidation of DA takes place at about 
0.225 V (vs. Ag/AgCl) and the oxidation peak is followed by a reduction peak at 
about 0.196 V (vs. Ag/AgCl) (both oxidation and reduction potential are 
estimated for the lowest concentration 0.012 mM). It is well known that DA can 
be oxidized to dopamine-o-quinone (DAQ) with two electron transfer (Fig.61b). 
The two other oxidation waves, which lie in the potential ranges of -0.021- 0.017 
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V (vs. Ag/AgCl) and 0.361- 0.397 V (vs. Ag/AgCl), are attributed to the 
electrochemical oxidations of AA and UA, respectively. 
 
The peak potential separation (∆Ep= Epox - Epred) for oxidation of DA was 
estimated to be about ΔEp≈0.029 V which is very close to the expected theoretical 
ΔEp value of 2.3RT/nF (n=2) demonstrating that the electro-oxidation of DA to 
DAQ tends to be reversible on N-MWCNTs and N-MWCNTs/MNPs composite 
films. However, the oxidation and reduction peak current ratio (iP
ox/iP
red) appears 
to be slightly greater that unity (deviation from reversibility) indicating that the 
redox system DA/DAQ is quasi-reversible onto studied composite films. It is, 
thus, probable that a parallel chemical reaction takes place disturbing the 
reversibility of DA/DAQ redox system. It was remarkable that in general the ΔEp 
values tend to increase with increasing the concentration of DA. For instance, on 
N-MWCNTs/AuNPs the ΔEp increases from 0.029 V up to 0.070 V when the 
concentration of DA increases from 0.012 mM up to 0.322 mM (the highest 
studied concentration of DA). This behavior can be attributed to the cell resistance 
that remains uncompensated, and it has been also observed for the other studied 
molecules. 
 
It would be very interesting to compare the ΔEp values for oxidation of DA 
obtained onto unmodified N-MWCNTs and modified N-MWCNTs/MNPs 
composite films. On unmodified N-MWCNTs films, ΔEp values of 0.060 V and 
0.107 V were obtained for the DA concentrations of 0.012 mM and 0.322 mM, 
respectively, while on modified N-MWCNTs/AuNPs, ΔEp values of 0.029 and 
0.070 V were obtained for the DA for the same concentrations 0.012 mM and 
0.322 mM, respectively. The findings demonstrate that the ΔEp value onto N-
MWCNTs is almost two times greater compared to those measured under the 
same conditions onto N-MWCNTs/AuNPs. 
 
Considering that ΔEp is connected to heterogeneous electron transfer rate constant 
(ks) through the electrochemical absolute rate relation (ΔEp is inversely analogous 
to ks) [253], the findings indicate that the kinetic for oxidation of DA to DAQ onto 
unmodified N-MWCNTs film is significantly slower compared to that on N-
MWCNTs/MNPs. Thus, the estimated ks values confirm that the kinetic of 
DA/DAQ redox system on N-MWCNTs (ks≈8×10-3 cm.s-1) is about 78% slower 
compared to that on N-MWCNTs/MNPs (ks≈38×10-3 cm.s-1). 
 
CVs recorded on all types of N-MWCNTs/MNPs composite films reveal three 
well-separated (not overlapped) anodic CV-waves corresponding to progressive 
oxidation of AA, DA, and UA. A slight overlapping of oxidation waves of DA 
and UA can be seen on unmodified N-MWCNTs film at elevated concentrations 
of DA. Besides, it is obvious that within the investigated MNPs, the modification 
of N-MWCNTs with AuNPs leads to pronounced decrease of oxidation 
overpotential of AA (-0.021 V vs. Ag/AgCl), and thus, to greater peak potential 
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separation (~0.248 V) between oxidation waves of interfering AA and DA 
analytes. In addition, the oxidation current of DA appears to be about 46% and 
25-40% greater on N-MWCNTs/AuNPs compared to that measured onto N-
MWCNTs and other N-MWCNTs/MNPs (M: Rh, Pd, Ir, Pt) composite films, 
respectively (comparison was always done for same concentration and scan rate). 
These findings demonstrate that the electrocatalytic activity of N-
MWCNTs/AuNPs towards simultaneous oxidation of AA, DA, and UA is quite 
enhanced. 
 
 It must be noted that the oxidation potential of AA is shifted to less anodic 
potential (more than 0.250 V) either on unmodified N-MWCNTs or other N-
MWCNTs/ MNPs films compared to that on conventional GC and Pt electrodes 
demonstrating once more the greater electrocatalytic activity of carbon 
nanomaterials towards oxidation of studied biomolecules. 
 
It is interesting to mention that on N-MWCNTs/MNPs (M: Rh, Pd, Ir, Pt) the 
overpotential for oxidation of AA is similar (within experimental error) to that 
measured onto unmodified N-MWCNTs. It can be concluded that the ability of 
these particular nanoparticles (RhNPs, PdNPs, IrNPs, PtNPs) to decrease the 
overpotential of AA is limited compared to AuNPs.  
 
The interpretation of CVs recorded with various concentrations of DA in the 
presence of AA and UA demonstrate that the oxidation peak current of DA 
increases linearly with the increase of its concentration in the range of 0.012 -
0.322 mM on N-MWCNTs and N-MWCNTs/ MNPs composite films. From the 
linear current-concentration variation, the lower limit of detection at signal-to-
noise ratio of 3 (S/N=3) of N-MWCNTs and N-MWCNTs/ MNPs composite films 
towards oxidation of DA to DAQ in the presence of AA and DA was determined. 
The results are shown in Table.9 and are presented graphically in histogram in 
Fig.65a.  The results demonstrate that the detection ability of fabricated composite 
films towards DA/DAQ redox system in presence of AA and UA enhances with 
the following order: N-MWCNTs < N-MWCNTs/RhNPs < N-MWCNTs/PdNPs 
< N-MWCNTs/IrNPs < N-MWCNTs/PtNPs < N-MWCNTs/AuNPs. These 
findings demonstrate the greater electrocatalytic activity of N-MWCNTs modified 
with AuNPs for analysis of DA in presence of AA and UA. 
 
Furthermore, the electrochemical response of N-MWCNTs and N-
MWCNTs/MNPs (M: Rh, Pd, Ir, Pt, Au) composite films towards oxidation of 
UA in the presence of AA and DA was investigated. Various concentrations of 
UA in the range of 0.049-0.313 mM in the presence of AA (0.5 mM) and DA (0.1 
mM) were recorded by means of CV technique in phosphate buffer solution (pH 
7.0) at the scan rate of 0.02 V·s-1 (Fig.63). As already mentioned in the previous 
paragraph, the concentration of AA was high due to the limited sensitivity of 
composite films towards oxidation of AA. 
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A peak corresponding to oxidation of UA can be seen in recorded CVs in the 
range from 0.361 V to 0.397 V (vs. Ag/AgCl) (within experimental error). This 
wave can be attributed to the oxidation of UA to its diamine (UADI) (Fig.61) 
[254]. The two other oxidation waves that lie, the first in the potential region of -
0.021 to 0.017 V (vs. Ag/AgCl) and the second at about 0.225 V (vs. Ag/AgCl), 
can be attributed to the electrochemical oxidations of AA and DA, respectively. 
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Fig. 63 CVs recorded for different concentrations of UA (in the range of 0.049–
0.313 mM) in the presence of AA (0.5 mM) and DA (0.1 mM) in phosphate 
buffer solution (pH 7.0) at the scan rate of 0.02 V s−1 on N-MWCNTs (a), N-
MWCNTs/RhNPs (b), N-MWCNTs/PdNPs (c), N-MWCNTs/IrNPs (d), N-
MWCNTs/PtNPs (e), and N-MWCNTs/AuNPs (f) composite films. The 
potentials are reported versus Ag/AgCl (saturated KCl) reference electrode. 
 
The electrochemical oxidation of UA appears to be completely irreversible on 
composite films studied, and thus, no reduction wave can be observed in recorded 
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CVs even at low scan rates. It is well known that the electrochemical oxidation of 
UA is followed by a chemical reaction that interrupts the reversibility of the redox 
system. Namely, UADI the oxidation product of UA, reacts fast with water to give 
imine alcohol that is reduced at more cathodic potential than diamine (at about -
1.0 V vs. Ag/AgCl) [255].  
 
From the recorded CVs presented in Fig.63, three well-separated waves can be 
seen for the oxidation of AA, DA, and UA onto investigated N-MWCNTs and N-
MWCNTs/MNPs composite films permitting their simultaneous analysis in a 
single measurement. Anyhow, it is noticeable that on N-MWCNTs/AuNPs film 
the oxidation peaks of three analytes are better separated and the oxidation current 
density of UA on this particular film is greater compared to either N-MWCNTs or 
other N-MWCNTs/MNPs films at the same concentration of analyte (Table 9). 
This result is an indication of greater electrocatalytic activity of AuNPs. 
 
Table 9 Oxidation peak potentials (Ep
ox) of AA, DA, UA analytes and oxidation 
peak potential differences (ΔEpox) of AA-DA and DA-UA analytes estimated on 
N-MWCNTs, N-MWCNTs/RhNPs, N-MWCNTs/PdNPs, N-MWCNTs/IrNPs, N-
MWCNTs/PtNPs, and N-MWCNTs/AuNPs composite films in phosphate buffer 
solution (pH 7.0) at the scan rate of 0.02 V.s-1. 
 
Electrode Material Epox /V(a)(b) Epox /V(a)(c) Epox /V(a)(d) Epox /V(e) Epox /V(f) 
N-MWCNTs 0.017 0.227 0.361 0.210 0.134 
N-MWCNTs/RhNPs 0.008 0.225 0.378 0.217 0.153 
N-MWCNTs/PdNPs 0.014 0.225 0.367 0.211 0.142 
N-MWCNTs/IrNPs 0.014 0.029 0.380 0.215 0.151 
N-MWCNTs/PtNPs 0.017 0.225 0.383 0.208 0.158 
N-MWCNTs/AuNPs -0.021 0.227 0.397 0.248 0.170 
 
 
 
(a)
 All potentials are reported versus Ag/AgCl (saturated KCl) reference electrode 
(b)
 Oxidation peak potential of AA/DHAA redox system 
(c)
 Oxidation peak potential of DA/DAQ redox system 
(d)
 Oxidation peak potential of UA/UADI redox system 
(e)
 Oxidation peak potential difference of AA-DA analytes 
(f)
 Oxidation peak potential difference of DA-UA analytes 
 
 
Namely, the potential separation of oxidation waves of interfering AA and DA 
compounds appears to be about 0.248 V (about 30-40 mV greater compared to 
that onto other composite films), while the oxidation current of UA on N-
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MWCNTs/AuNPs seems to be about 45% and 5.0-32% greater compared to that 
measured on N-MWCNTs and other N-MWCNTs/MNPs (M: Rh, Pd, Ir, Pt) 
composite films, respectively (comparison was done at same concentration and 
scan rate).  
 
The results exhibit clearly that the electrocatalytic activity of N-MWCNTs/AuNPs 
composite film towards oxidation of UA in presence of DA and AA is greater 
compared to other studied films. The analysis of CVs recorded at various 
concentrations of UA (in the range of 0.049-0.313 mM) exhibits that the oxidation 
current of UA increases linearly with its concentration in the investigated 
concentration range. The lower limits of detection (S/N=3) of N-MWCNTs and N-
MWCNTs/MNPs composite films towards oxidation of UA in the presence of AA 
and DA were estimated from the linear oxidation current-concentration diagram 
and the obtained results are presented in Table 10 and are shown graphically in 
histogram in Fig.65b. The findings demonstrate that the lower limit of detection of 
composite films towards oxidation of UA in the presence of AA and DA tends to 
decrease with the following order: N-MWCNTs > N-MWCNTs/RhNPs > N-
MWCNTs/PdNPs > N-MWCNTs/IrNPs >N-MWCNTs/PtNPs > N-
MWCNTs/AuNPs. 
 
 
Table 10 Lower limits of detection (LOD) estimated at signal-to-noise ratio of 3 
(S/N=3) for N-MWCNTs, N-MWCNTs/RhNPs, N-MWCNTs/PdNPs, N-
MWCNTs/PtNPs, and N-MWCNTs/AuNPs composite films towards 
simultaneous electrochemical oxidation of AA, DA, and UA in phosphate buffer 
solution (pH 7.0). 
Electrode Material 
LOD / μM 
AA(a) DA(b) UA(c) 
N-MWCNTs 8.7 1.4 5.9 
N-MWCNTs/RhNPs 7.9 1.1 4.1 
N-MWCNTs/PdNPs 6.8 0.8 3.6 
N-MWCNTs/IrNPs 6.1 0.7 3.1 
N-MWCNTs/PtNPs 3.1 0.6 2.1 
N-MWCNTs/AuNPs 0.9 0.3 0.4 
 
(a) Estimated in concentration range of 0.099-0.600 mM 
(b)   Estimated in concentration range of 0.012-0.322 mM 
 (c)    Estimated in concentration range of 0.049-0.313 mM 
 
 
These findings are in a very good agreement with those obtained from the analysis 
of DA in presence of AA and UA (see previous paragraph); and verify the greater 
electrocatalytic activity of N-MWCNTs/AuNPs composite film for analysis of 
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UA in the presence of AA and DA. The electrochemical determination of AA in 
the presence of DA and UA was also investigated. CVs recorded for different 
concentrations of AA in the concentration range of 0.099-0.600 mM in the 
presence of DA (0.05 mM) and UA (0.05 mM) either on unmodified N-MWCNTs 
or N-MWCNTs/MNPs (M: Rh, Pd, Ir, Pt, Au) composite films in (PBS, pH 7.0) at 
the scan rate of 0.02 V·s-1  are shown in Fig.64.  
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Fig. 64 CVs recorded for different concentrations of AA (in the range of 0.099–
0.600 mM) in the presence of DA (0.05 mM) and UA (0.05 mM) in phosphate 
buffer solution (pH 7.0) at the scan rate of 0.02 V s−1 on (a) N-MWCNTs, (b) N-
MWCNTs/RhNPs, (c) N-MWCNTs/PdNPs, (d) N-MWCNTs/IrNPs, (e) N-
MWCNTs/PtNPs, and (f) N-MWCNTs/AuNPs composite films. The potentials 
are reported versus Ag/AgCl (saturated KCl) reference electrode. 
The CVs were recorded with higher concentration of AA since the sensitivity of 
composite films towards oxidation of AA is limited. The interpretation of 
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recorded CVs demonstrates that the oxidation of AA on unmodified N-MWCNTs 
occurs at about 0.017 V (vs. Ag/AgCl), while its oxidation onto N-
MWCNTs/MNPs composite films modified with RhNPs, PdNPs, IrNPs, PtNPs, 
and AuNPs takes place at about 0.008 V, 0.014 V, 0.014 V, 0.017 V, and -0.021 
V (vs. Ag/AgCl), respectively.  
 
The mechanism for the electrochemical oxidation of AA was already discussed by 
many researchers and reported in literature [256,257]. According to previously 
published reports, the quasi-reversible electrochemical oxidation of AA leads to 
the formation of dehydro-L-ascorbic acid (DHAA) via two electron transfer 
process that is followed by an irreversible chemical reaction (Fig.61). Thus, the 
reduction peak appearing in the potential range from -0.105 to -0.136 V (vs. 
Ag/AgCl) (depending on type of composite film) corresponds to the inverse 
process, namely to the reduction of DHAA to AA. 
 
The data extracted from recorded CVs demonstrate that the anodic and cathodic 
peak potential separation ∆Ep= Epox - Epred of AA on N-MWCNTs and N-
MWCNTs/MNPs estimated in the range of 0.098-0.153 V (lowest concentration 
of 0.099 mM and scan rate of 0.02 V.s-1) appears to be significantly greater than 
the expected theoretical value of 59/n mV (for n=2 at 25oC). Furthermore, the 
oxidation and reduction peak current ratio (iP
ox/iP
red) for electrochemical oxidation 
of AA appears to be significantly greater than unity. 
 
Consequently, according to these findings the redox system AA/DHAA can be 
considered as irreversible on novel N-MWCNTs and N-MWCNTs/MNPs 
composite films. In addition, the estimated ks values for AA/DHAA (ks≈6×10-3 
cm.s-1), that appear to be significantly smaller than those of reversible DA/DAQ 
redox system, confirm the great deviation of AA/DHAA from reversibility.  
 
It was also observed that the electrochemical current response of N-MWCNTs 
and N-MWCNTs/MNPs composite films towards DA and UA is always greater 
compared to AA at the same concentration of analytes. Namely, the oxidation 
current of AA appears to be always about 20-30% smaller compared to that of DA 
and UA analytes (measured at the same concentration and scan rate). These 
findings demonstrate the lower sensitivity of studied composite films towards the 
oxidation of AA.  It is interesting to mention that on N-MWCNTs/AuNPs 
composite film, the oxidation overpotential of AA decreases significantly. 
Namely, the oxidation peak of AA lies in negative potential region (-0.021 V vs. 
Ag/AgCl). Consequently, on N-MWCNTs/AuNPs film the potential difference 
between oxidation waves of interfering AA and DA analytes appears to be great 
(~0.248 V) resulting to huge separation of oxidation waves of AA and DA. 
Similarly, onto this particular film the separation between DA and UA oxidation 
waves appears to be the greatest (~0.170 V).  It must be noted, however, that onto 
unmodified N-MWCNTs and other modified N-MWCNTs/MNPs composite films 
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the separation between oxidation waves of AA and DA is also enough large 
(~0.210-0.217 V) and thus no interference of AA in analysis of DA (and the 
inverse, interference of DA in analysis of AA) can be observed. Thus, it can be 
concluded that the simultaneous determination of AA, DA, and UA can be 
successfully carried out on novel N-MWCNTs/MNPs in a single measurement. 
 
The electrochemical responses of N-MWCNTs and N-MWCNTs/MNPs 
composite films towards oxidation of AA increase linearly with increasing 
concentration of AA in the investigated concentration range from 0.099 to 0.600 
mM. The relationship between current and concentration appears to be linear and 
thus the lower limit of detection (S/N=3) of novel composite films towards the 
redox system AA/DHAA in the presence of DA and UA was estimated from this 
linear dependence. The obtained detection limits are included in Table 10 and are 
presented graphically in histogram Fig.65c. 
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Fig. 65 Histograms showing the detection limits (S/N = 3) of N-MWCNTs (1), N-
MWCNTs/RhNPs (2), N-MWCNTs/PdNPs (3), N-MWCNTs/IrNPs (4), N-
MWCNTs/PtNPs (5), and N-MWCNTs/AuNPs (6) composite films towards 
electrochemical oxidation of (a) DA in the presence of AA and UA, (b) UA in the 
presence of AA and DA, and (c) AA in the presence of DA and UA (phosphate 
buffer solution, pH 7.0). 
 
The findings exhibit that the detection ability of N-MWCNTs and N-
MWCNTs/MNPs composite films towards AA/DHAA redox system in the 
presence of DA and UA is improved with the same order found for DA/DAQ and 
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UA/UADI redox systems. Namely, the lower limit of detection of composite films 
towards oxidation of AA decreases with the following order: N-MWCNTs > N-
MWCNTs/RhNPs > N-MWCNTs/PdNPs > N-MWCNTs/IrNPs > N-
MWCNTs/PtNPs > N-MWCNTs/AuNPs. 
 
The results verify once more the greater affinity of AuNPs to improve the 
sensitivity and electrocatalytic activity of N-MWCNTs for simultaneous analysis 
of AA, DA, and UA. It is very interesting to mention that the detection ability of 
N-MWCNTs and N-MWCNTs/MNPs composite films towards oxidation of 
studied compounds is always enhanced with the order AA < UA < DA. 
 
Fig.66 displays the dependence of detection limits (S/N=3) of N-MWCNTs/MNPs 
(M: Rh, Pd, Ir, Pt, Au) composite films towards oxidation of AA, DA, and UA on 
density of states of corresponding metal nanoparticles, calculated from the model 
band structures and reported in literature by Smith et al. [258]. 
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Fig. 66 Diagrams showing the variation of detection limits (S/N=3) of N-
MWCNTs/RhNPs, N-MWCNTs/PdNPs, N-MWCNTs/IrNPs, N-
MWCNTs/PtNPs, and N-MWCNTs/AuNPs composite films towards 
electrochemical oxidation of AA (■), DA (●), and UA (▲) (phosphate buffer 
solution, pH 7.0) versus the density of states reported in literature by Smith et al 
[255]. The density of states was calculated from the model band structures. The 
zero of energy corresponds to the Fermi level. 
From this diagram is can be clearly seen that the detection ability, and thus the 
sensitivity of composite film, is related to density of states of metals. Namely, the 
smallest density of states of AuNPs (3.2 eV) leads to the lowest detection limit 
(greatest sensitivity), while the greatest density of states of RhNPs (8.3 eV) results 
to the highest detection limit (lowest sensitivity). 
 
In addition, the simultaneous electrochemical analysis of AA, DA, and UA was 
studied on standard conventional working electrodes such as glassy carbon (GC) 
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and platinum (Pt). Specifically, ternary mixture of AA, DA, and UA with 
concentration ratio of 1:1:1 was electrochemically investigated. Initially the 
oxidation of AA was electrochemically studied for estimating its overpotential. 
Representative CVs recorded for AA in (phosphate buffer solution, pH 7.0) on 
GC and Pt electrodes are shown in Figs.67a, 67b, respectively. Afterwards a 
ternary mixture of AA, DA, and UA was investigated in phosphate buffer 
solution, pH 7.0. CVs recorded for the ternary mixture shown in Fig.67a-b, 
respectively.  
The results demonstrate that on GC and Pt electrodes the oxidation of AA requires 
a potential of about 0.301 V (vs. Ag/AgCl) and 0.392 V (vs. Ag/AgCl), 
respectively, which is clearly more anodic (positive) compared to that required for 
the oxidation of AA onto either unmodified N-MWCNTs (0.017 V vs. Ag/AgCl) 
or N-MWCNTs/MNPs (in the range from −0.021 to 0.017 V vs. Ag/AgCl) (Table 
9). These findings are in absolute accordance with the literature reports that the 
direct electrochemical oxidation of AA on conventional electrodes requires higher 
potential than the expected oxidation potential of AA, namely it needs the so-
called overpotential. For instance, the equilibrium potential of oxidation of AA 
lies at about −0.185 V vs. SCE [259], and according to literature, the oxidation of 
AA on either GC or Pt electrodes requires potentials of about 0.400 and 0.600 V 
vs. SCE, respectively [260].  
It is noticeable that on novel either unmodified N-MWCNTs or modified N-
MWCNTs/MNPs films the oxidation overpotential of AA decreases significantly 
from that required on GC and Pt electrodes. As a result, on GC and Pt electrodes 
the oxidation peak of AA overlaps with the oxidation peak of DA that appears in 
the same potential region (∼0.270 V vs. Ag/AgCl), and thus, a significant 
interference of AA in electrochemical detection of DA (and the inverse, 
interference of DA in analysis of AA) occurs on these particular electrodes. The 
CVs recorded for AA, DA, and UA ternary mixture on GC electrode (Fig.68a) 
reveal two separated anodic peaks that correspond to the oxidations of both AA 
and DA (first overlapped oxidation wave at about 0.264 V vs. Ag/AgCl) and the 
oxidation of UA (second single oxidation wave at about 0.532 V vs. Ag/AgCl). 
Similarly, on Pt electrode two anodic waves that lie at about 0.266 V (vs. 
Ag/AgCl) (overlapped oxidation wave of AA and DA) and 0.610 V (vs. Ag/AgCl) 
(oxidation wave of UA) can be clearly seen in Fig.68b.  
In contrast to GC and Pt conventional electrodes, the electrocatalytic activity of 
unmodified N-MWCNTs and N-MWCNTs/MNPs (M: Rh, Pd, Ir, Pt, Au) 
composite films towards simultaneous oxidation of AA, DA, and UA is 
significantly more enhanced and all three analytes can be simultaneously 
electrochemically determined since their oxidation waves are well separated and 
do not overlap each other. 
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Fig. 67 CVs recorded for AA (0.5 mM) in phosphate buffer solution (pH 7.0) at 
the scan rate of 0.02 V.s-1 on (a) GC and (b) Pt electrodes. 
 
 
 
Fig. 68 CVs recorded for AA, DA, and UA ternary mixture (1:1:1; 0.5 mM) in 
phosphate buffer solution (pH 7.0) at the scan rate of 0.02 V.s-1 on (a) GC and (b) 
Pt electrodes. 
For comparison reasons, the detection limits obtained in the present work for N-
MWCNTs and N-MWCNTs/MNPs towards simultaneous oxidation of AA, DA, 
and UA are compared with those reported in literature for other novel electrode 
materials in Table 11.  
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Table 11 Comparison of lower limits of detection (LOD) estimated at signal-to-
noise ratio of 3 (S/N=3) for N-MWCNTs, N-MWCNTs/RhNPs, N-
MWCNTs/PdNPs, N-MWCNTs/IrNPs, N-MWCNTs/PtNPs, and N-
MWCNTs/AuNPs films towards simultaneous oxidation of AA, DA, and UA 
(PBS, pH 7.0) with literature values.  
 
Electrode Material                              LOD / μM 
                      AA                   DA          UA Ref 
N-MWCNTs 8.7 1.4 5.9 This work  
N-MWCNTs/RhNPs 7.9 1.1 4.1 This work 
N-MWCNTs/PdNPs 6.8 0.8 3.6 This work 
N-MWCNTs/IrNPs  6.1  0.7             3.1            This work 
N-MWCNTs/PtNPs 3.1 0.6 2.1 This work 
N-MWCNTs/AuNPs 0.9 0.3 0.4 This work 
GCE/RGO
(a)
 0.7 0.1 1.0 [261] 
SPGNE
(b)
 0.95 0.12 0.20 [262] 
GCE/MWCNTs/PtNPs(
c)
 20 0.048 0.35 [263] 
GCE/AgNPs/PPy
(d)
 1.8 0.1 0.5 [264] 
GCE/GN/PtNPs
(e)
 7.4 1.2 1.4 [265] 
GCE/MWCNTs/SDS
(f)
 3.0 0.01 0.04 [266] 
GCE/ATD
(g)
 2.01 0.33 0.19 [267] 
GCE/HCNTs
(h)
 0.92 0.80 1.5 [268] 
GCE/Ch/GR
(i)
 50 1.0 2.0 [269] 
GP/MWCNTs/AuNC
(j)
 40 0.67 0.23 [270] 
GCE/PABA
(k)
 5.0 1.0 0.5 [271] 
 
(a)
Glassy carbon electrode modified with reduced graphene oxide [261] 
(b)
Screen-printed graphene electrode [262] 
(c)
Glassy carbon electrode modified with multi-walled carbon nanotubes and platinum 
nanoparticles [263]  
(d)
Glassy carbon electrode modified with silver nanoparticles and polypyrrole nanofibers [264] 
(e)
Glassy carbon electrode modified with graphene and platinum nanoparticles [265] 
(f)
Glassy carbon electrode modified with sodium dodecyl sulfate and multi-walled carbon 
nanotubes [266] 
(g)
Glassy carbon electrode modified with polymerized 2-amino-1,3,4- thiadiazole [267] 
(h)
Glassy carbon electrode modified with helical carbon nanotubes [268] 
(i)
Glassy carbon electrode modified with chitosan and graphene [269] 
(j)
Graphene-multi-walled carbon nanotubes-gold nanocluster composite film [270] 
(k)
Glassy carbon electrode modified with polymerized 4-aminobutyric acid [271] 
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In general, this comparison exhibits that the detection capability of N-
MWCNTs/MNPs appears to be significantly greater compared to other composite 
films reported in literature. For instance, the detection limits of glassy carbon 
electrode modified with PtNPs, AuNPs, and 1-cysteine towards simultaneous 
analysis of AA (103 μM), DA (24 μM), and UA (21 μM) reported by Thiagarajan 
and Chen [272] seem to be significantly poorer compared to those obtained on our 
N-MWCNTs/MNPs (M: Rh, Pd, Ir, Pt, Au) composite films. 
 
 In addition, the detection limit of composite film consisting of phosphorylated 
zirconia-silica mixed oxide particles modified with methylene blue towards 
oxidation of AA (8.3 μM), DA (1.7 μM), and UA (3.7 μM) reported by Arguello 
et al.[273] seem to be poorer compared to those measured on N-MWCNTs/MNPs 
(M: Rh, Pd, Ir, Pt, Au) composite films. 
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4.2.6  Stability study of some metal nanoparticles on N-MWCNTs 
 
To evaluate the stability of the metallic nanoparticles on the N-MWCNTs wafers, 
four different type of nanoparticles RhNPs, PdNPs, PtNPs, and AuNPs possessing 
diameter 2.7, 2.6, 2.7, and 14 nm, respectively were used to modify four N-
MWCNTs films, further denoted as N-MWCNTs/MNPs (M: Rh, Pd, Pt, Au). The 
electrochemical responses of composite films towards constant concentration (1.0 
mM) of [Fe(CN)6]
3-/4- in KCl solution (1.0 M) were investigated using CV 
technique (Fig.69). The measurements were repeated for each type of modified 
electrode several times (five times) in four months by using the same conditions. 
It must be mentioned that the composite films used as working electrode were 
washed with distilled water and left to dry in the room temperature and afterwards 
were used again for the next measurement.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 69 CVs recorded for 1.0 mM [Fe(CN)6]
3-/4- (1.0 M KCl)  on N-MWCNTs 
modified with (a) RhNPs (b) PdNPs (c) PtNPs (d) AuNPs at the scan rate of 0.05 
V. s-1 in four months. 
As it can be seen in Fig.69, symmetric CVs curves represented a pair of reversible 
redox peaks (oxidation and reduction peaks of studied redox system) appears to be 
at the same potential. Furthermore, the anodic and cathodic current responses of 
redox system tend to decrease with repeating the experiment (Fig.70). The relative 
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standard deviation for repeated five measurements recorded on N-
MWCNTs/MNPs films toward 1.0 mM [Fe(CN)6]
3-/4- (1.0 M KCl) is calculated to 
be 2.81, 6.09, 3.81, and 1.79 % for N-MWCNTs/RhNPs, N-MWCNTs/PdNPs, N-
MWCNTs/PtNPs, and N-MWCNTs/ AuNPs, respectively. It can be concluded 
that the N-MWCNTs/AuNPs film has the lowest standard deviation value, 
demonstrating that this particular film is quite stable. 
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Fig. 70 Stability of the current response on modified N-MWCNTs/MNPs (M: Rh, 
Pd, Pt, Au) films. 
 
It is interesting to mention that in this study, no peak related to redox system 
[Fe(CN)6]
3-/4-  was found in background after using the same  N-MWCNTs/MNPs 
film (Fig.71). 
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Fig. 71 Repeated CVs recorded in background (1.0 M KCl) on N-MWCNTs 
modified with (a) RhNPs (b) PdNPs (c) PtNPs (d) AuNPs at the scan rate of 0.05 
V. s-1. 
 
In addition, to study the stability of nanoparticles on the surface of films, SEM 
images were taken for each modified wafer before the first measurement and after 
the last one, namely, after four months (Fig.72). The metal nanoparticles can be 
recognized in SEM micrographs as small bright dots deposited on the outer walls 
of carbon nanotubes. The SEM images reveal that the deposited metal 
nanoparticles are dispersed homogenously onto the surface of N-MWCNTs and 
that no agglomeration of nanoparticles takes place, expect the RhNPs, where 
some agglomeration of RhNPs on the carbon nanotubes can be seen (Fig.72b). It 
must be reported that it was quite difficult to take a SEM image for all wafers at 
the same position that was done before their application. 
 
Generally, the structure of N-MWCNTs/MNPs did not change at all, namely, the 
structure of carbon nanotubes remains unaffected and some nanoparticles can be 
recognized. It is interesting to mention that the distribution of AuNPs on the N-
MWCNTs is still homogenous after four months. The findings reveal strong 
evidence that the more stable nanoparticles are AuNPs. 
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Fig. 72 SEM micrographs taken for (a,b) N-MWCNTs/RhNPs, (c,d) N-
MWCNTs/PdNPs, (e,f) N-MWCNTs/PtNPs, and (g,h) N-MWCNTs/AuNPs films 
before use (left), and after their use for four months (right). 
 
The modified films were further analyzed by means of EDX analysis in order to 
get information about the elemental composition of the surface. It should be 
noticed that EDX spectrum is better to be recorded for large surface area of the 
sample for preferable representation, in other words, lower errors. The EDX 
spectra of N-MWCNTs/MNPs films demonstrate that the main elements present 
within the inspection field are carbon, iron and metallic nanoparticles. The carbon 
comes from the CNT; iron results from rest of the catalyst nanoparticles 
(embedded in the tubes) and the most important the metallic nanoparticles that 
remain on the surface of CNTs even after using of the modified films several 
(a) (b) 
(c) (d) 
(e) (f) 
(g) (h) 
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times for analysis. A typical EDX spectrum is displayed as a plot of x-ray counts 
vs. energy (in keV) (Energy peaks correspond to the elements in the sample) 
(Fig.73).  
 
 
        
 
          
 
 
         
 
 
         
 
Fig. 73 Energy dispersive X-ray (EDX) spectra of the composite N-
MWCNT/MNPs (M: Rh, Pd, Pt and Au), respectively. 
 
These results show that the modified electrode possessed excellent stability, 
indicating its interesting electrochemical performance.  
PdNPs 
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It must be noted that no detachment of film’s contacting occurred during the 
measurement. In addition, the electrodes were quite stable and remained in very 
good state after the experiments. The results revealed that the stability of the 
proposed sensors is acceptable. 
 
4.2.7 Dilution of AuNPs solution  
In order to study the effect of AuNPs concentration on the electrocatalytic activity 
of carbon nanotubes, the stock solution of AuNPs (2.33×1012) particles/ml was 
diluted with double distilled water according to the following AuNPs: H2O ratio 
of 1:1, 1:10, 1:100, and 1:300. 
The same modification procedure was applied to decorate the N-MWCNT films 
with AuNPs. Namely, N-MWCNTs wafers were modified by using AuNPs 
solution with various dilution ratios (1:1, 1:10, 1:100, 1:300, and 1:1000). 
 
As was expected, the SEM micrographs taken for N-MWCNTs/AuNPs reveal that 
the deposited nanoparticles are still dispersed homogenously onto the surface and 
the number of AuNPs is decreased in the following order: 1:1 > 1:10 > 1:100 > 
1:300 (Fig.74).  
 
     
 
 
 
 
  
 
 
 
 
 
 
Fig.74 Representative SEM micrographs of N-MWCNTs/AuNPs 1:1 (a), N-
MWCNTs/AuNPs 1:10 (b), N-MWCNTs/AuNPs 1:100 (c), N-MWCNTs/AuNPs 
1:300 (d). 
 
(b) 
(c) (d) 
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The images demonstrate that the AuNPs still stable and visible up to dilution ratio 
of about 1:300. It must be mentioned that the dilution ratio of 1:1000 was also 
investigated and no AuNPs were seen in SEM image.  In the next step, CVs of 
standard redox system [Fe(CN)6]
3-/4- in large concentration range (0.099–0.990 
mM) in potassium chloride solution (1.0 M) on the modified N-MWCNTs/AuNPs 
films (different dilution ratio) were recorded. For comparison reason, the CVs 
curves on N-MWCNTs/AuNPs without dilution of AuNPs solution were also 
recorded (Fig.75).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                                                        
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 75 Representative CVs recorded for [Fe(CN)6]3-/4- (1.0 M KCl) in the range 
of 0.099- 0.990 mM) on modified N-MWCNTs/AuNPs films without dilution (a), 
and with dilution of 1:1 (b), 1:10 (c), 1:100 (d), 1:300 (e), 1:1000 (f), at the scan 
rate 0.02 V.s-1  
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As it can be seen, symmetrical CVs were obtained on all modified films, 
consisting of reversible oxidation and reduction peaks. The findings demonstrate 
clearly that no significant change in the current response and peak potential 
difference can be seen on all N-MWCNTs modified with AuNPs (1:1, 1:10, 
1:100, 1:300). Anyhow, it is remarkable that in case of N-MWCNTs/AuNPs 
(dilution ratio 1:1000) an obvious decrease of current response (about 57%) 
occurs. 
 
The findings reveal that the potential peak separation ∆Ep for the standard redox 
system on the modified N-MWCNTs/AuNPs films is unaffected up to dilution 
ratio 1:300 and has the value of about 0.06 V. It was observed that the value of 
∆Ep on N-MWCNTs/AuNPs modified with AuNPs (dilution ratio 1:1000) was 
about 0.08 V, namely, about 20 mV higher compared to that obtained on N-
MWCNTs/AuNPs films modified with different dilution ratio of AuNPs (1:1, 
1:10, 1:100, 1:300). The active surface area for N-MWCNTs/AuNPs films 
towards [Fe(CN)6]
3-/4- redox system were also estimated and found to be 
decreased with the following order: AuNPs 1:1 < AuNPs 1:10 < AuNPs 1:100 < 
AuNPs 1:300 < AuNPs 1:1000 The extracted data are presented in Table 12. 
 
Besides, the EIS spectra were recorded in the whole investigated concentration 
range of 0.099–0.990 mM to estimate the barrier for electron transfer occurring on 
modified films.  The measurements were recorded in the frequency range from 0.1 
Hz to 100 kHz at E½ potential of the studied redox system [Fe(CN)6]
3-/4- (Fig.76). 
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Fig. 76 Nyquist plots for C= 0.099 mM [Fe(CN)6]
3-/4- on N-MWCNTs and N-
MWCNTs  modified with AuNPs with different ratio of dilution. The symbols are 
denoted as follows: (straight line) N-MWCNTs, (filled circle) N-
MWCNTs/AuNPs, (filled upward triangle) N-MWCNTs/AuNPs (1:1), (filled 
square) N-MWCNTs/AuNPs (1:10), (star) N-MWCNTs/AuNPs (1:100), (open 
square) N-MWCNTs/AuNPs (1:300). 
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As it can be seen from EIS spectra, the spectrum consists of two parts, the first 
part is a small depressed semicircle at high frequency area corresponding to 
electron transfer-limited process, and the second part is a straight line at low 
frequency area representing the diffusion-limited electron transfer process. The 
linear part prevails over the semicircle demonstrating that the electron transfer 
process on this film is quite fast. 
 
 The EIS results were simulated using the Randles circuit and they indicate that 
the charge transfer resistance Rct increases slightly in this order: N-
MWCNTs/AuNPs (without dilution) < AuNPs 1:1 < AuNPs 1:10 < AuNPs 1:100 
< AuNPs 1:300. The estimated values of Rct are included in Table 12. 
 
A small shift in the EIS spectra to low frequency area (to the right) with the 
dilution of AuNPs can be seen. However, this observation can be explained with 
the decrease of the number of AuNPs, and thus the decrease of the catalytic 
activity of AuNPs leading to diminishing the electron transfer kinetic 
 
Table 12  The electrochemical parameters extracted from recorded CVs 
determined for [Fe(CN)6]3−/4− (1.0 M KCl) on N-MWCNTs/AuNPs films 
(different dilution ratio). 
 
Parameter Stock 
solution 1:1 1:10 1:100 1:300 1:1000 
∆Ep (V) 0.06 0.06 0.06 0.06 0.059 0.08 
A (cm
2
) 4.46 4.52 4.41 4.48 4.18 2.08 
R
ct 
(Ω) 2 4.2 5 7.2 9.2 30 
 
 
4.2.8 Repeatability and reproducibility of N-MWCNTs/AuNPs  
The repeatability and reproducibility of the modified electrode N- 
MWCNTs/AuNPs for the determination of dopamine (DA) were studied. The 
repeatability was evaluated by performing ten repeat determinations with same 
concentration of DA solution (1 mM) in PBS (pH 7.0) for a period of two weeks. 
The electrochemical response was measured daily by means of cyclic 
voltammetry. To study the repeatability, two electrodes were investigated. The 
first one was left at room temperature (further denoted as E1), and the second one 
was stored in PBS (pH 7.0) at 4◦C (denoted as E2). The CVs recorded on E1, E2 
are shown in Fig.77.  
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Fig. 77 CVs recorded for DA (1 mM) on N-MWCNTs/AuNPs (E1) at (a) first day, 
(b) fifth day, and (c) tenth day. The same measurements recorded on (E2), at (d) 
first day, (e) fifth day, and (f) tenth day. 
 
It must be noted that the peak potentials of studied system were stable on both 
electrodes E1, E2. On E1, the current response of DA was stable after three 
continuous measurements and after that an increase in the current peak was 
observed. Furthermore, the current response of electrode E2 towards DA was 
increased. Specifically, compared to its initial current response, the modified 
electrode continued to exhibit a relatively high current even after ten 
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measurements (done with 2 weeks) (see Fig.78). This can be explained by the 
adsorption of dopamine (deposition of dopamine and other by-products) on the 
surface of synthesized films.  
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Fig. 78 The current response of E1, E2 toward DA (1 mM) in ten days. 
Furthermore, SEM images of films were taken after their use for two weeks to 
check the morphology of films and to get information about the effect of the store 
conditions on the structure.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
Fig. 79 SEM images after two weeks measurements of DA on N-
MWCNTs/AuNPs stored at room temperature (a, b), on N-MWCNTs/AuNPs 
stored in (PBS, pH 7.0) at 4 ◦C (c, d). 
In both stored conditions, the SEM images demonstrate the presence of some 
agglomeration on the tubes. This can be attributed to the deposition of DA and 
some by-products associated from the DA oxidation on the surface of films 
(a) 
(a) (b) 
(c) (d) 
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(Fig.79b,d). The presence of one peak in the background of recorded CVs can be 
explained with this reason (Fig.77). It must be reported that although the electrode 
was washed with distilled water, but the removing of DA was not possible 
because of porous structure of film. However, the AuNPs are stable and 
homogeneous distributed on the tubes as it can be seen in Fig.79a.  
 
The reproducibility of method was studied by measuring the electrochemical 
response of three different N-MWCNTs/AuNPs films towards oxidation of (1 
mM) DA in (PBS, pH 7.0). All N-MWCNTs films were fabricated with the same 
procedure by means of (CVD) and modified with AuNPs (12.5 nm). The extracted 
results are presented in Table 13.  
Table 13 parameters extracted from CVs on N-MWCNTs/AuNPs films 
 
The findings reveal that the reproducibility of the N-MWCNTs/AuNPs was 
acceptable. 
 
 
 
 
 
 
 
 
 
 
 
 
 
parameter N-MWCNTs/AuNPs-1 N-MWCNTs/AuNPs-2 N-MWCNTs/AuNPs-3 
∆Ep (V) 0.08 0.075 0.085 
I (µA) 115 120 85 
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4.3 Characterization of N-P-MWCNTs  
4.3.1 Physical characterization of N-P-MWCNTs 
 4.3.1.1 Scanning electron microscopic analysis  
In order to investigate the morphology of fabricated carbon nanotubes N-P-
MWCNTs, SEM technique was used. Representative SEM images taken for the 
N-P-MWCNTs films synthesized with decomposition of 0.2, 0.4, 0.5, 0.6, 0.7, 
and 1 wt %. TPP are shown in Fig.80. As it can be seen in SEM images, the 
surface of films is quite homogeneous for the sample synthesized with 
decomposition of ACN, FeCp2 and TPP (0.2 to 0.6 wt %) with a presence of some 
circular nodes in the tube structure. The morphology of the fabricated film starts 
to change with increasing the TPP content (from 0.7 up to 1 wt %. TPP). It will be 
like amorphous carbon and no aligned carbon nanotubes can be recognized in 
SEM image. It was also noticed that the length of carbon nanotubes decreased 
with increasing the phosphorus content from 0.2 to 1 wt %. TPP.  
  
        
 
 
 
  
 
 
 
 
   
 
 
 
 
 
 
(b) (a) 
(c) (d)
)) 
(e) (f) 
109 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 80 SEM images of N-P-MWCNTs composite films fabricated with 
decomposition of 0.2 wt %. TPP (a-c), 0.4 wt %. TPP (d), 0.5 wt %. TPP (e, f), 
0.6 wt %. TPP (g, h), 0.7 wt %. TPP (i), and 1 wt %. TPP (j, k, l). 
 
 4.3.1.2 Transmission electron microscopic analysis  
TEM images taken of N-P-MWCNTs films fabricated with decomposition of (0.2 
and 0.5 wt %. TPP) demonstrate that the carbon nanotubes are bamboo-shaped 
(Fig.81). Namely, the structure of pure N-MWCNTs does not change significantly 
with the phosphorus-doping. The catalyst nanoparticles (black capsules) were also 
seen inside the nanotubes. 
 
 
(g) (h) 
(i) (j) 
(k) (l) 
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Fig. 81 TEM micrographs of N-P-MWCNTs composite film fabricated with 
decomposition of 0.2 wt %. TPP (a, b, c), and 0.5 wt %. TPP (d, e, f). 
 
TEM/EDX analysis of N-P-MWCNTs confirms that the carbon nanotubes 
incorporate phosphorus into their structure (Fig.82). 
 
Fig. 82 Representative EDX spectra recorded for N-P-MWCNTs composite film. 
 
10 nm 
(a) 
50 nm 
(b) 
20 nm 
(c) 
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It must be mentioned that the TEM image of the sample produced with greatest 
TPP content (0.7 wt %. TPP and 1 wt %. TPP) couldn’t be measured. It’s 
probably due to high amount of amorphous carbon that contains. 
 
4.3.1.3   Raman spectroscopy 
Raman spectra were recorded using a microscope-fitted Horiba Jobin Yvon 
HR800 Raman spectrometer that was calibrated using a Si substrate. The spectra 
were collected within the range of 1000-2000 cm-1 (scanning intervals of 1.66 cm-
1) with a slit and hole of 300 and 200 cm-1, respectively. An air cooled CLDS 
point mode diode 532 nm laser was used and the radiation was limited to 10% to 
avoid damage of the carbon nanotubes samples. The spectra were averaged by 10 
accumulations of 2 seconds each (using Lab Spec 6 software). 
Raman spectroscopy studies were carried out for MWCNTs, N-P-MWCNTs (0.5 
wt %. TPP), and N-MWCNTs. The Raman spectra of carbon nanotubes consist of 
two main bands, namely the so-called D-band (1336-1343 cm-1) and the G-band 
(1567-1573 cm-1), and their frequency is slightly affected by doping of nanotubes. 
As it well known the G-band corresponds to the high frequency E2g first-order 
mode and can be attributed to opposing movement of two-neighboring carbon 
atoms in graphene sheet [274], while the D-band results from defects in curved 
graphene sheets, as well as from ends and finite size crystalline domains of carbon 
nanotubes [275].  
The ratio of relative intensities of G- and D-bands (IG/ID) is a measure of degree 
of structural order. For carbon nanotubes with different surface modifications, the 
change in intensity ratio (IG/ID) can be attributed to the change in surface 
functionalities or local defects resulting from bond breakage between C–C bonds 
in nanotubes [276]. In the present work, the N-MWCNT films were found to 
exhibit smaller value of intensity ratio (IG/ID) compared to N-P-MWCNTs film, 
indicating greater degree of structural defects in N-MWCNTs. Namely, it was 
observed that the degree of defects increases with the following order: N-
MWCNTs > N-P-MWCNTs > undoped MWCNTs (see Table 14). It is thus 
obvious that the enhanced electrochemical response of N-MWCNTs can be 
attributed to the greater degree of defects that these particular nanotubes possess. 
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Fig. 83 Raman spectra recorded for (a) MWCNTs, (b) N-P-MWCNTs, and (c) N-
MWCNTs composite films. 
 
Table 14 Raman D-bands, G-bands, and intensity ratios of G- and D-bands (IG 
/ID) for undoped-MWCNTs, N-P-MWCNTs, and N-MWCNTs. 
 
 
 
 
 
 
 
 
 
 
 
Composite film 1 -/cm Dv  1 -/cm Gv  DI/ GI 
MWCNTs 1336 1567 2.88 
N-P-MWCNTs 1341 1571 1.30 
N-MWCNTs 1339 1570 1.15 
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4.3.2 Electrochemical characterization of N-P-MWCNTs 
4.3.2.1 Cyclic voltammetry 
To study the effect of nitrogen-phosphorus doping on the electrocatalytic activity 
of carbon nanotube, the electrochemical response of N-MWCNTs and N-P-
MWCNTs composite films toward [Fe(CN)6]
3-/4- in aqueous 1.0 M KCl solution 
was investigated. 
The synthesized N-P-MWCNTs films were further denoted as N-P-MWCNTs-1, 
N-P-MWCNTs-2, N-P-MWCNTs-3, N-P-MWCNTs-4, and N-P-MWCNTs-5 
according to the mass percent of TPP in ACN/TPP/FeCp2 ternary mixture (Table 
15).  
Table 15 Nitrogen- and phosphor-source materials, catalyst, and volume of 
sprayed ACN/TPP/FeCp2 ternary mixtures for the fabrication of novel N-
MWCNTs and N-P-MWCNTs composite films. 
Composite film 
Carbon and 
nitrogen 
source 
Carbon and 
phosphor 
source 
Catalyst 
Sprayed 
solution 
N-MWCNTs ACN 0.0 wt %. TPP 2 wt %. FeCp2 3.0 ml 
N-P-MWCNTs-1 ACN 0.2 wt %. TPP 2 wt %. FeCp2 3.0 ml 
N-P-MWCNTs-2 ACN 0.5 wt %. TPP 2 wt %. FeCp2 3.0 ml 
N-P-MWCNTs-3 ACN 0.6 wt %. TPP 2 wt %. FeCp2 3.0 ml 
N-P-MWCNTs-4 ACN 0.7 wt %. TPP 2 wt %. FeCp2 3.0 ml 
N-P-MWCNTs-5 ACN 1 wt %. TPP 2 wt %. FeCp2 3.0 ml 
 
 CVs were recorded on the N-MWCNTs and various N-P-MWCNTs composite 
films for various concentrations of standard redox system in the range of (0.099-
0.990 mM) at the scan rate of 0.02 V.s-1 (Fig.84). 
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Fig. 84 CVs recorded for various concentrations of [Fe(CN)6]
3-/4- (1.0 M KCl) on 
(a) N-MWCNTs, (b) N-P-MWCNTs-3,  and (c) N-P-MWCNTs-5  at 0.02 V.s-1. 
The CVs (from inner to outer) correspond to concentrations: c1=0.196 mM; 
c2=0.415 mM; c3=0.595 mM; c4=0.797 mM; and c5=0.990 mM. 
The CVs curves demonstrated that the studied redox system exhibit a reversible 
behavior on both N-MWCNTs and N-P-MWCNTs films. Furthermore, the 
oxidation-reduction peak current ratio is equal to unity and it is independent of 
scan rate demonstrating that no parallel chemical reactions take place. The results 
indicate also the stability of oxidative and reductive peak currents for many 
cycles, confirming that no chemical reaction coupled to electron transfer process 
and that the charge transfer process is reversible. The half-wave potential for the 
redox system on the N-MWCNTs and N-P-MWCNTs was estimated to be similar 
within experimental error (E1/2≈0.280 V vs. Ag/AgCl). The value of anodic and 
cathodic peak potential separation (ΔEp) was also estimated to be in the range of 
0.059-0.097 V. The lowest value of ΔEp was measured on N-MWCNTs and the 
greatest one was obtained on N-P-MWCNTs fabricated by decomposing of 1% 
TPP. The results indicate that the ΔEp increases with increase the wt %. of the 
TPP used in fabrication process demonstrating that the kinetic of redox system 
decreases with the increasing the composition of decomposed TPP used for the 
synthesis process in the various fabricated composite films Fig.86d.  
The electrochemical response of N-MWCNTs and various N-P-MWCNTs films 
was plotted as oxidation peak current density vs. concentration of redox system 
and it appears to be linear in the studied range (0.099-0.990 mM) (Fig.85). From 
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this linear dependence the detection limit and the sensitivity of the fabricated 
films towards [Fe(CN)6]
3-/4- were estimated and presented in Table 15.  
 
The extracted data confirms that the detection limit tends to increase, and thus, the 
sensitivity tends to decrease with increasing the concentration of decomposed TPP 
used for synthesis process. The variation of sensitivity and lower limit of 
detection with the wt % of decomposed TPP used for synthesis of nanotubes is 
presented graphically in Fig.86b and Fig.86c, respectively. 
 
The findings demonstrate that the N-MWCNTs composite film has the lowest 
detection limit and thus the highest sensitivity. Furthermore, upon doping with 
phosphorus the sensitivity tends to decrease and the kinetic of electrochemical 
process decreases rapidly. 
  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 85 Variation of oxidation peak current density with the concentration of 
[Fe(CN)6]
3-/4- (1.0 M KCl) observed on (a) N-MWCNTs, (b) N-P-MWCNTs-3, 
and (c) N-P-MWCNTs-5  composite films at the scan rate of 0.02 V·s-1 .  
As it was expected, the heterogeneous electron rate transfer constant (ks) tends to 
decrease with the increase of wt %. of TPP. The ks values were estimated for 
[Fe(CN)6]
3-/4- on the N-MWCNTs and N-P-MWCNTs composite films by means 
of electrochemical absolute rate relation to be in the range from 2×10-3 to 4.3×10-2 
cm.s-1 (Table 16).  The findings indicate that the doping with phosphorus leads to 
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decrease of kinetic of electrochemical process occurring onto carbon nanotubes 
Fig.86a. 
 
 
 
 
 
 
 
 
                                                                                          
 
 
 
 
Fig. 86 Variation of (a) charge-transfer rate, (b) sensitivity, (c) lower limit of 
detection, and anodic and (d) cathodic peak potential separation of [Fe(CN)6]
3-/4- 
(1.0 M KCl) with the wt %. TPP used for fabrication of N-P-MWCNTs composite 
films. 
Table 16 Electrochemical parameters determined for [Fe(CN)6]
3-/4- (1.0 M KCl) 
on novel N-MWCNTs and N-P-MWCNTs composite films at the scan rate of 
0.02 V∙s-1.  
Composite film E1/2/V ΔEp/V 103ks /cm∙s-1(c) Rct/Ω LOD/μM S/A∙M-1∙cm-2 
N-MWCNTs(a) 0.277 0.059 43 4.7 0.341 0.464 
N-P-MWCNTs-1(b) 0.280 0.062 32 8.4 0.392 0.403 
N-P-MWCNTs-2(b) 0.278 0.064 27 14.5 0.454 0.350 
N-P-MWCNTs-3(b) 0.280 0.071 14 16.6 0.505 0.314 
N-P-MWCNTs-4(b) 0.280 0.072 13 16.8 0.522 0.304 
N-P-MWCNTs-5(b) 0.278 0.097 2 19.5 0.532 0.297 
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(a)Data taken from this work; (b) Data from present work; (c) ks values determined from 
electrochemical absolute rate relation: ψ=(Do/DR)a/2ks(nπFvDo/RT)-1/2, where ψ is kinetic 
parameter, a the charge-transfer coefficient (a≈0.5), Do and DR the diffusion coefficients of 
oxidized and reduced species, respectively (Do≈DR), and n the number of electrons involved in 
redox reaction (n=1) [205]  
 
4.3.2.2 Electrochemical Impedance spectroscopy 
The electrochemical behavior of [Fe(CN)6]
3-/4- redox system on N-MWCNTs and 
various N-P-MWCNTs films was further investigated by means of 
electrochemical impedance spectroscopy technique. EIS spectra were recorded for 
[Fe(CN)6]
3-/4- redox system on fabricated composite films at the half-wave 
potential of the studied redox system (E1/2=0.280 V vs. Ag/AgCl) in the frequency 
range of 0.1 Hz-100 kHz. Representative EIS spectra recorded on the N-
MWCNTs and two different N-P-MWCNTs composite films (N-P-MWCNTs-3 
and N-P-MWCNTs-5) are represented in Fig.88a. The presentation of EIS spectra 
of the other N-P-MWCNTs films was skipped since only some minor differences 
can be observed among the EIS spectra and consequently the spectra can be 
overlapped. 
In order to estimate the charge transfer resistance Rct that is an important 
parameter which controls the electron transfer kinetics of redox system at 
electrode interface, the EIS spectra were simulated by using a modified Nyquist 
circuit (Fig.87). The circuit used for the simulation of impedance data can be 
represented as: (Rs+ Cb + (Cdl/(Rct+Zw)), where Rs is the solution resistance, Cb a 
capacitor element, due to the additional impedance between the film and the clip 
used for the electrical connection, Cdl the double-layer capacitance (constant 
phase element was used instead of pure capacitor), Rct the charge transfer 
resistance, and Zw the Warburg diffusion impedance. The Rct values were 
estimated and represented graphically versus the wt %. of TPP used for synthesis 
of N-P-MWCNTs films in Fig.88b. 
 
Fig. 87 Equivalent electrical circuit (Rs+ Cb + (Cdl/(Rct+Zw))) used for simulation 
of EIS spectra recorded for [Fe(CN)6]
3-/4- (1.0 M KCl) on N-MWCNTs and N-P-
MWCNTs composite films (software Thales, version 4.15). 
The findings extracted from the simulation demonstrate that the charge transfer 
resistance increases with doping of carbon nanotubes with phosphorus, leading 
therefore to slower kinetic of electrochemical process on these particular films. 
Namely, with increasing the mass percent wt % of decomposed TPP from 0.2 up 
to 1.0%, the charge transfer resistance increases with the order: 
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N-MWCNTs < N-P-MWCNTs-1 < N-P-MWCNTs-2 < N-P-MWCNTs-3 < N-P-
MWCNTs-4 < N-P-MWCNTs-5.  
It can be concluded that the increase of concentration of decomposed TPP used 
for fabrication of N-P-MWCNTs results to greater barrier, and thus, to lower 
kinetic of electron transfer and consequently the sensitivity and the detection 
capability of synthesized films will be also affected. 
 
                       
  
 
 
 
 
 
Fig. 88 (a) EIS spectra recorded for [Fe(CN)6 ] 
3-/4- (1.0 M KCl) on N-MWCNTs 
(■), N-P-MWCNTs-3 (●), and N-P-MWCNTs-5 (▲), (b) Variation of charge-
transfer resistance of [Fe(CN)6]
3-/4- (1.0 M KCl) with the wt %. TPP used for 
fabrication of N-P-MWCNTs composite films.  
 
4.3.3  Application of N-P-MWCNTs for analysis of biomolecules  
In this work, the response of N-P-MWCNTs (the N-P-MWCNTs fabricated upon 
decomposition of 1 wt %. TPP was selected) towards the oxidation of AA, DA 
and UA in phosphate buffer solution at pH 7.0 was studied by means of cyclic 
voltammetry (Fig.89).  
CVs recorded for various concentrations of AA on N-P-MWCNTs-5 are shown in 
Fig.89a. It can be seen that the irreversible oxidation of AA on N-P-MWCNTs 
film occurs at the potential of about 0.228 V (vs. Ag/AgCl). Compared to N-
MWCNTs, the oxidation potential of AA lies in negative region -0.014 V (vs. 
Ag/AgCl) which is about 240 mV less anodic than that measured for AA on N-P-
MWCNTs-5. Namely, the ability of N-P-MWCNTs to decrease the oxidation 
overpotential of AA is clearly lesser compared to that of N-MWCNTs. It was 
observed that the peak current response towards oxidation of AA is low (between 
30 and 40 % lesser) compared to the current response towards oxidation the same 
concentration of DA and UA. The detection limit of AA on N-P-MWCNTs film 
in the concentration range of 0.250-0.668 mM was estimated to be 11.6 µM. 
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Dopamine oxidation was also studied on this film. The recorded CVs show that 
DA oxidized at about 0.222 V (vs. Ag/AgCl) with quasi-reversible behavior 
(Fig.89b). This peak is very close to oxidation peak of AA measured on this film 
(0.228 V vs. Ag/AgCl). These results demonstrate that the analysis of AA 
interferes with the analysis of DA in a single measurement, and the inverse, the 
analysis of DA interferes with the analysis of AA. CVs with different 
concentrations of DA were recorded (in the range of 0.017-0.196 mM) and the 
detection limit was estimated to be 1.9 µM. 
Furthermore, in CVs shown in Fig.89c, it can be seen that the irreversible 
oxidation peak of UA occurs at about +0.360 V (vs. Ag/AgCl) that lies obviously 
in more positive potential compared to oxidation peaks of either AA or DA. From 
the oxidation peak separation between AA-UA and DA-UA which is nearly the 
same (about 135 mV), it can be concluded that it is possible to analyze this 
couples in a single measurement. In order to estimate the lower limit of detection 
on this film towards oxidation of UA, CVs for various concentrations of UA in 
the range of 0.032-0.211 mM were recorded. From the linear variation of 
oxidation peak current density with the concentration of UA, the detection limit 
was found to be 7.8 µM. 
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Fig. 89 CVs recorded for various concentrations of (a) AA, (b) DA, and (c) UA 
on N-P-MWCNTs composite film at 0.02 V.s-1 (PBS, pH 7.0). The CVs (from 
inner to outer) correspond to concentrations: (a) c1=0.250 mM; c2=0.316 mM; 
c3=0.369 mM; c4=0.551 mM; c5=0.668 mM; (b) c1=0.033 mM; c2=0.050 mM; 
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c3=0.066 mM; c4=0.099 mM; c5=0.163 mM; (c) c1=0.032 mM; c2=0.062 mM; 
c3=0.091 mM; c4=0.117 mM; c5=0.166 mM. 
Compared to N-MWCNTs films, it is remarkable that the detection limit of the 
studied biomolecules on N-P-MWCNTs film is greater and thus the sensitivity 
lesser. These results support the conclusion that N-MWCNTs are more sensitive 
and work well in electrochemical sensing compared to N-P-MWCNTs. However, 
according to the comparison shown in Table 17, the fabricated N-P-MWCNTs 
seem to be more sensitive than other novel composite films reported in literature. 
Table 17 Comparison of low limits of detection (LOD) of N-P-MWCNTs 
composite film toward oxidation of AA, DA, and UA (phosphate buffer solution, 
pH 7.0) with those reported in literature for other novel composite films. 
Composite film 
LOD/μM 
AA DA UA 
N-P-MWCNTs-5(a) 11.6 1.9 7.8 
N-MWCNTs (b) 8.7 1.4 5.9 
GCE/MWCNTs/PtNPs(c) 20 0.0483 0.35 
GCE/PtNPs/AuNPs/Cy(d) 103 24 21 
GCE/PABA(e) 5.0 1.0 0.5 
GCE/Ch/GR(f) 50 1.0 2.0 
GCE/ACBK(g) 10 0.50 0.50 
GCE/PEDOT(h) 7.4 1.2 1.4 
 
(a)Nitrogen-phosphorus-doped multi-walled carbon nanotubes [this work] 
(b)Nitrogen-doped multi-walled carbon nanotubes [this work] 
(c)Glassy carbon electrode modified with multi-walled carbon nanotubes and platinum 
nanoparticles [263] 
(d)Glassy carbon electrode modified with platinum nanoparticles, gold nanoparticles, and l-
Cysteine [259] 
(e)Glassy carbon electrode modified with polymerized 4-aminobutyric acid [271] 
(f)Glassy carbon electrode modified with chitosan and graphene [269] 
(g) Glassy carbon electrode modified with polymerized acid chrome blue K [277] 
(h) Glassy carbon electrode modified with poly (3,4-ethylenedioxythiophene) [278] 
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In order to study the interference that occurs when AA and DA are measured in a 
single measurement, CVs for AA-DA-UA ternary mixtures were recorded 
(Fig.90). 
As it was expected, the peak oxidation of AA and DA overlap each other 
hindering, thus their simultaneous electrochemical analysis. Namely, on this 
particular film the simultaneous analyzing of AA/UA and DA/UA binary mixture 
can be successfully carried out in single measurement since their oxidation peaks 
do not overlap each other, but the simultaneous analysis of the ternary mixture 
AA-DA-UA is not possible due to the wave interface of AA and DA. It is 
interesting that well separated redox waves can be still observed in AA/UA binary 
systems even if the concentration of AA is 5 times higher compared to that of UA 
(Fig.90a). 
-0,4 -0,2 0,0 0,2 0,4 0,6 0,8 1,0
UA
C
u
rr
e
n
t 
d
e
n
s
it
y
 /
 
A
 c
m
-2
Potential (vs. Ag/AgCl) / V
40 A
(a)
AA
-0,4 -0,2 0,0 0,2 0,4 0,6 0,8 1,0
UA
AA + DA
C
u
rr
e
n
t 
d
e
n
s
it
y
 /
 
A
 c
m
-2
Potential (vs. Ag/AgCl) / V
40 A
(b)
 
-0,4 -0,2 0,0 0,2 0,4 0,6 0,8 1,0
C
u
rr
e
n
t 
d
e
n
s
it
y
 /
 
A
 c
m
-2
Potential (vs. Ag/AgCl) / V
40 A
(c)
UA
AA + DA
-0,4 -0,2 0,0 0,2 0,4 0,6 0,8 1,0
UA
AA + DA
C
u
rr
e
n
t 
d
e
n
s
it
y
 /
 
A
 c
m
-2
Potential (vs. Ag/AgCl) / V
40 A
(d)
 
Fig. 90 CVs recorded for (a) binary mixtures AA/UA and (b-d) ternary mixtures 
AA/DA/UA on N-P-MWCNTs composite film at 0.02 V.s-1 (PBS, pH 7.0). The 
CVs correspond to the concentrations: (a) AA (0.5 mM) / UA (0.1 mM); (b) AA 
(0.5 mM) / UA (0.1 mM) / DA (0.033 mM); (c) AA (0.5 mM) / UA (0.1 mM) / 
DA (0.062 mM); (d) AA (0.5 mM) / UA (0.1 mM) / DA (0.099 mM).  
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5 Summary 
The synthesis of nitrogen-doped multi-walled carbon nanotubes and nitrogen-
phosphorus-doped multi-walled carbon nanotubes further denoted as (N-
MWCNTs) and (N-P-MWCNTs), respectively, was successfully done by using 
chemical vapor deposition technique (CVD). The synthesized N-MWCNTs and 
N-P-MWCNTs were grown on silicon / silicon oxide substrate by decomposition 
of either acetonitrile or acetonitrile and triphenylphosphine, respectively, in the 
presence of ferrocene as a catalyst. The morphology was studied using scanning 
electron microscopy (SEM) in combination with energy dispersive X-ray 
spectroscopy (EDXS), transmission electron microscopy (TEM), and Raman 
spectroscopy. 
The SEM images show that the N-MWCNTs consist of carpet of vertically 
oriented carbon nanotubes and the surface of the film is quite homogeneous, 
whereas the TEM images show that the N-MWCNTs have the so-called bamboo 
structure that is a quite common structure of nitrogen-doped carbon nanotubes. 
Furthermore, SEM micrographs exhibit that the N-P-MWCNTs films have 
homogeneous structure similar to N-MWCNTs with some knots in the tube 
structure. The morphology of the fabricated film starts to change with increasing 
the phosphorus source material (between 0.7 and 1 wt %. TPP). Namely, a layer 
of amorphous carbon covers the carbon nanotubes and no aligned carbon 
nanotubes can be recognized in SEM images. It was also observed that very thin 
wafers from N-P-MWCNTs were obtained with increasing the phosphorus source 
material (1 wt %. TPP). TEM images confirm that the N-P-MWCNTs still have 
bamboo structure (recognizable up to an addition of 0.6 wt %. TPP). Further 
increase of TPP (more than 0.6 wt %. TPP), TEM images could not be taken since 
they contain a lot of amorphous carbon.  
Raman spectroscopy analysis shows that the N-MWCNT films exhibits more 
defects compared to N-P- MWCNTs films.  
The electrochemical characterization by means of cyclic voltammetry (CV) and 
electrochemical impedance spectroscopy (EIS) was carried out using the redox 
system [Fe(CN)6]
3-/4-. The results show that the produced N-MWCNTs show the 
highest sensitivity, the smallest detection limit, and the fastest kinetics of electron 
transfer (the smallest charge transfer resistance) compared to the N-P-MWCNTs. 
The results show that the doping of carbon nanotubes with nitrogen improves the 
electrocatalytic properties. Furthermore, the findings indicate that the introduction 
of phosphorus into the structure of N-MWCNTs decrease the detection ability and 
thus the sensitivity, as well as the kinetic of electrochemical process on this film. 
The modification of carbon-based material with metal nanoparticles MNPs was 
also investigated. For this purpose, rhodium (RhNPs), palladium (PdNPs), 
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platinum (PtNPs), and silver (AgNPs) nanoparticles were used for the decoration 
of surface of films. The electrochemical characterization of prepared modified 
films N-MWCNTs/MNPs towards the redox system [Fe(CN)6]
3-/4- was 
investigated. The results show that the modified N-MWCNTs/MNPs films show 
great electrochemical response since the nanoparticles act as a catalyst improving 
the electrocatalytic activity of the electrode. The findings exhibit that the 
electrocatalytic response of films enhances with the following order: N-MWCNTs 
< N-MWCNTs/RhNPs < N -MWCNTs/PdNPs < N-MWCNTs/PtNPs < N-
MWCNTs/AgNPs.  
The use of N-MWCNTs/MNPs (M: Rh, Pd, Ir, Pt, and Au) composite films as 
working electrode for simultaneous analysis of some interesting biomolecules 
such as ascorbic acid, dopamine, and uric acid in phosphate buffer solution PBS 
(pH 7.0) was also successfully applied. The results show that the detection limit of 
N-MWCNTs /MNPs towards oxidation of AA, DA, and UA decreases with the 
following order: N-MWCNTs > N-MWCNTs/RhNPs > N-MWCNTs/PdNPs > N-
MWCNTs/IrNPs > N-MWCNTs/PtNPs > N-MWCNTs/AuNPs. The results 
exhibit once more that the AuNPs show the greatest influence on sensitivity and 
electrocatalytic activity in the simultaneous determination of investigated 
molecules. It is interesting that the prepared composite film N-MWCNTs/AuNPs 
was also successfully applied for simultaneous electrochemical analysis of other 
biomolecules such as acetaminophen (AC) and N-acetyl-cysteine (NAC). 
 
It is interesting to mention that the fabricated N-MWCNTs/AuNPs films show 
smaller detection limit compared to other novel composite films reported in 
literature and exhibit a very good stability and reproducibility as electrode 
material. 
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